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Abstract 
The Deep-marine turbidites at Crescent Head and Point Plomer on the mid north coast, New South Wales 
form part of the Carboniferous-Permian Tablelands complex of the southern New England Orogen. To 
date, sedimentary sequences have received scant attention and no reliable age dating. Standard 
petrographic, geochronological and geochemical techniques (field mapping, stratigraphic logging, 
petrography, point counting, detrital zircon age dating and whole rock geochemistry) were undertaken to 
provide the first detailed descriptions and age constraints for these turbidite sequences. Stratigraphic 
data shows a maturation trend from juvenile, mafic-derived sediment of the Point Plomer sequence to 
mature, quartz-rich sediment of the Crescent Head sequence. Units at Point Plomer strike NW-SW while 
at Crescent Head they strike more NE – SW. U/Pb (SHRIMP) dating of detrital zircons extracted from 
turbidites at Point Plomer and Crescent Head reveal a youngest zircon population age of the latest 
Permian; 253.7 ± 4.6 Ma for Point Plomer and 256.9 ± 7.6 Ma for Crescent Head. Both samples also 
contain an older Carboniferous peak, but only the more mature, quartz-rich sandstones from Crescent 
Head have older (Palaeoproterozoic to Devonian) peaks typical of a Gondwanan continental source. The 
less mature greywackes from Point Plomer had a low yield of volcanic zircons with a narrow age range 
(Permian – Carboniferous), more typical of a juvenile island arc source. Petrographic point-counting data 
showed that the Crescent Head sequence is a mature feldspathic litharenite sandstones, derived from a 
mixed-recycled continental tectonic setting. In contrast, the Point Plomer sequence is dominated by 
immature, lithic arkose sandstone and shales, derived from a mafic-intermediate transitional-dissected 
magmatic arc provenances. Geochemical data revealed Nb and Tb negative anomlies and the enrichment 
of Hf and Zr in REE analysis, confirming both the Point Plomer and Crescent Head sequences are derived 
from subduction settings. Trace-element geochemical data revealed both sequence are depleted mantle 
sources, but the Crescent Head sequence is derived from an evolving arc and has undergone more 
weathering than the Point Plomer sequence. Major elemental analysis has revealed the Crescent Head 
sequence has high SiO 2 and low K2O typical of a continental arc provenance setting, while the Point 
Plomer sequence has the high K 2O and low SiO2 typical of an oceanic arc provenance setting. The 
differences between the Crescent Head and Point Plomer sequences, suggest that the Point Plomer and 
Crescent Head sequences are derived from two distinct and possibly separate tectonic settings during 
the Carboniferous to latest Permian age. The abundance of Permian granites in the southern New 
England Orogen confirms it was an active continental margin and the most likely source for the silica-rich 
sediments of Crescent Head. However, the immature, mafic-derived sediments of the Point Plomer 
sequence hint at a distinctly different island-arc provenance. The only known rocks of similar age and 
composition are those of the Gympie terrane, which arrived and collided with the active continental 
margin of Gondwana during the Permo-Triassic resulting in a period of mixed provenance mixing into 
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The Deep-marine turbidites at Crescent Head and Point Plomer on the mid north 
coast, New South Wales form part of the Carboniferous-Permian Tablelands 
complex of the southern New England Orogen. To date, sedimentary sequences 
have received scant attention and no reliable age dating. Standard petrographic, 
geochronological and geochemical techniques (field mapping, stratigraphic logging, 
petrography, point counting, detrital zircon age dating and whole rock geochemistry) 
were undertaken to provide the first detailed descriptions and age constraints for 
these turbidite sequences. Stratigraphic data shows a maturation trend from juvenile, 
mafic-derived sediment of the Point Plomer sequence to mature, quartz-rich 
sediment of the Crescent Head sequence. Units at Point Plomer strike NW-SW while 
at Crescent Head they strike more NE – SW. U/Pb (SHRIMP) dating of detrital 
zircons extracted from turbidites at Point Plomer and Crescent Head reveal a 
youngest zircon population age of the latest Permian; 253.7 ± 4.6 Ma for Point 
Plomer and 256.9 ± 7.6 Ma for Crescent Head. Both samples also contain an older 
Carboniferous peak, but only the more mature, quartz-rich sandstones from 
Crescent Head have older (Palaeoproterozoic to Devonian) peaks typical of a 
Gondwanan continental source. The less mature greywackes from Point Plomer had 
a low yield of volcanic zircons with a narrow age range (Permian – Carboniferous), 
more typical of a juvenile island arc source. Petrographic point-counting data showed 
that the Crescent Head sequence is a mature feldspathic litharenite sandstones, 
derived from a mixed-recycled continental tectonic setting. In contrast, the Point 
Plomer sequence is dominated by immature, lithic arkose sandstone and shales, 
derived from a mafic-intermediate transitional-dissected magmatic arc provenances. 
Geochemical data revealed Nb and Tb negative anomlies and the enrichment of Hf 
and Zr in REE analysis, confirming both the Point Plomer and Crescent Head 
sequences are derived from subduction settings. Trace-element geochemical data 
revealed both sequence are depleted mantle sources, but the Crescent Head 
sequence is derived from an evolving arc and has undergone more weathering than 
the Point Plomer sequence. Major elemental analysis has revealed the Crescent 
Head sequence has high SiO2 and low K2O typical of a continental arc provenance 
setting, while the Point Plomer sequence has the high K2O and low SiO2 typical of an 
oceanic arc provenance setting. The differences between the Crescent Head and 
Point Plomer sequences, suggest that the Point Plomer and Crescent Head 
sequences are derived from two distinct and possibly separate tectonic settings 
during the Carboniferous to latest Permian age. The abundance of Permian granites 
in the southern New England Orogen confirms it was an active continental margin 
and the most likely source for the silica-rich sediments of Crescent Head. However, 
the immature, mafic-derived sediments of the Point Plomer sequence hint at a 
distinctly different island-arc provenance. The only known rocks of similar age and 
composition are those of the Gympie terrane, which arrived and collided with the 
active continental margin of Gondwana during the Permo-Triassic resulting in a 
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period of mixed provenance mixing into deep marine, trend-fill environment before 
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LOCATION AND BACKGROUND 
The Crescent Head – Point Plomer sedimentary sequences are located on the 
mid north coast, New South Wales, about 400 km north of Sydney (Figure 1.1). The 
sedimentary sequences are situated within eastern portion of the Tablelands 
Complex (Aniawan Terrane), within the eastern portion of the southern New England 
Orogen.  
The sedimentary sequences are thought to represent Carboniferous - Permian 
accretionary complex sediments deposited to the east of a prominent continental, 
‘Andean-type’ volcanic arc located in the western portion of the southern New 
England orogen (McPhie 1987, Aitchison 1990) 
The sequences are contained within the Port Macquarie-Hastings and Kempsey 
Shire Council jurisdictions. 
 
HISTORY 
The relationship between the sedimentary sequences and the nearby Hastings Block 
directly south and Nambucca Block / Nambucca Slate Belt directly north is currently 
unknown due to poor outcropping and a lack of previous investigation. Despite this, 
the Hastings Block directly south, and the Nambucca Slate Belt directly north have 
been heavily studied in the past, and have both been interpreted to include the 
sedimentary sequences located at Crescent Head and Point Plomer (Roberts 1987, 
Schmidt 1994, Roberts 1995, Shaanan 2014) 
 
AIMS AND OBJECTIVES 
This project aims to provide detrital zircon age constraints to poorly dates 
Carboniferous – Permian turbidite sequences from Point Plomer to Crescent Head. 
The second aim of the project is to describe and provide the first quantitative age 
constraints for a sequence of late Palaeozoic turbidites between Point Plomer and 
Crescent Head. Standard petrographic and geochemical techniques will be used to 
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determine the provenance of these sequences. The project divided is into several 
distinct and achievable objectives. These include: 
1) Field mapping and stratigraphic logging. 
2) Petrography and point counting. 
3) Detrital zircon age dating. 


















Stratigraphic and Field Mapping 
 
Measurements of bedding, deformation, grain size change, and sedimentary 
structures were recorded as part of stratigraphic logging of rock outcrops located at 
Crescent Head both manually and using the ‘AndroSensor’ application on a 
Samsung Galaxy S.3 smartphone. Field maps were digitised using GIS program 
ArcMap 10, while geological units used were derived from the 1:250000 statewide 
surface geology map provided by the Department of Primary Industries. Stratigraphic 
logging of turbidite sequences were digitised using LogPlot 7 and Inkscape. 





All samples of the sedimentary sequences from Point Plomer and Crescent used in 
the study were sourced from rock outcrops situated along the coastline of the mid 
north coast, NSW (APPENDIX A). Two broad sedimentary sequence groups were 
identified along this portion of the coastline to be sampled. 
Each sedimentary sequence was labelled and summarised on the criteria of primary 
rock type, grain size, sedimentary structure and deformation (APPENDIX H, 1.4a - 
Killick Beach, 1.4b – Pebbly Beach (north), 1.4c – Pebbly Beach (south). 
Representative lithologies, contacts, structures and secondary mineralisation 
features were described and photographed on site, with samples collected for further 
analysis. Samples were collected from Killick, Pebbly and Goolawah Beaches at 
Crescent Head located ~ 20.9 km east of Kempsey, and Queen and Back Beaches, 
Point Plomer, Limeburners’ Creek (Big Hill Beach) and Racecourse Head located ~ 
37.4 km southeast of Kempsey. 
Thin Sections 
 
Thirty-two standard thin sections were prepared at the University of Wollongong. 
Thin sections were analysed on a Lecia DM2500 petrological microscope to identify 
and quantify primary mineralogical assemblages, alteration mineralogy, grain size 
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changes, and point-counting analysis (APPENDIX C). Photographs were taken using 
a Leica DFC400 camera at the University of Wollongong. Gazzi-Dickinson point 
counting was undertaken using an automatic stage mover and electronic counter. 
Minerals were designated a number between 1 and 12, and minerals under the cross 
hair are counted until the count reached 400 – 500 counts. 
Geochemical Analysis 
 
Twenty-nine samples were analysed for whole rock geochemistry using a SPECTRO 
XEPOS energy dispersive polarization X-ray fluorescence spectrometer (XFR) at the 
University of Wollongong (APPENDIX B). Samples were crushed in a TEMA 
chromium steel ring mill, with pressed pellets prepared for trace element analysis by 
mixing 5g of sample with a Polyvinyl Acetate (PVA) binder and pressing to 2500 psi 
into an aluminium cup. Pellets were dried in a 65°C oven for 24 hours. Glass buttons 
were fuse for major element analysis using a pure metaborate flux for high silica (> 
65 w.t.% SiO2) samples and a 12:22 tetraborate metaborate flux for 
mafic/intermediate (45 – 65 w.t.% SiO2) samples. 400 mg of sample (high silica) and 
300 mg of sample (intermediate) was added to 2.4 g of each flux. Samples were 
blended in platinum crucibles and heated from 600°C to 970°C over a period of one 
hour, with NH4I pellet added to reduce viscosity prior to pouring and pressing on a 
graphite disc. Samples with >1000 ppm sulphur or 400 ppm Cu as determined from 
trace element analysis were oxidised prior to fusing through the addition of 5 ml of 
LiNO3 and drying overnight at 65°C, then heating at 100°C for one hour, then to 
600°C by increasing 50°C in 20 minute increments. 
Deconvolution of the spectra and conversion of X-ray intensities was performed 
using Ametex Materials-Analysis Division proprietary software. Accuracy was 
controlled by calibration of the instrument against a wide range of natural rock 
standards and synthetic materials. Loss on ignition was calculated by firing 1 g of 
powdered sample in a ceramic crucible at 1050ºC for two hours. Samples were 
weighed after slight cooling with the difference in baked and initial weight converted 
to weight percent loss on ignition. 
Rare earth elements were determined for each sample powder by Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) following lithium borate fusion and 
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dissolution of the melt by ALS Laboratory Group Analytical Chemistry and Testing 
Services Mineral Division in Stafford, Queensland. 
1.4e – Geochronology 
 
Absolute age dates were obtained via the 206Pb/238U zircon dating method performed 
using the sensitive high resolution ion microprobe (SHRIMP II) at the Australian 
National University, Canberra. Zircons were extracted via mechanical grinding, 
SELFRAG dissociation process and heavy liquid separation by Steve Kraven at 
Macquarie University. Ninety-two grains of three unknowns were mounted in an 
epoxy resin along with 11 grains of the TEMORA-1 standard (417Ma; Black 2003) 
and 6 grains of the TEMORA-2 standard (417 Ma; Black et al. 2004). The block was 
ground down to expose a cross section of the majority of zircon grains, and polished 
using diamond paste. Reflected light, transmitted light and cathodoluminescence 
images were taken at the University of Wollongong and the Australian National 





1.1 – REGIONAL GEOLOGY: ‘THE TASMANIDES’ 
The Crescent Head and Point Plomer sedimentary sequences are located within the 
New England Orogen (Glen 2005) or New England Fold Belt (Leitch 1974), which 
together with the Delarmerian, Lachlan and Thomson orogenic complexes comprises 
the Palaeozoic ‘Tasmanides’ of eastern Australia (Cawood 2005, Glen 2005). 
Spanning approximately 250 km in width 1300 km in length, the New England 
Orogen covers the north-eastern corner of New South Wales and south-eastern 
Queensland (Leitch 1974, Leitch 1975). The New England Orogen is host to three 
regional provenances as result of an ‘Andean type’ continental arc subduction zone 










Fig.1.1 – Early Gondwanan continent, pre-Silurian era. Tasmanides 
component is yet to be created (Scheibner 1996). 
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1.2 – REGIONAL GEOLOGY: ‘THE NEW ENGLAND OROGEN’ 
The New England Orogen (NEO) (Roberts 1980) or New England Fold Belt (NEFB) 
(Leitch 1974) of eastern Australia marks the eastern-most and youngest component 
of the Tasmanides orogenic complex in the Palaeozoic component of Australia. 
Extending from Newcastle (20°S) in New South Wales to Bowen (33°S) in south-east 
Queensland (Buckman 2014), the NEO is situated to the east of the Permo-Triassic 
Sydney-Bowen Basin (Roberts 1980, McPhie 1984) and consists of three regional 
provenances: the southern New England Orogen (SNEO), the northern ‘Yarrol’ New 
England, and the exotic Gympie terrane. The northern New England orogen 
(Holcombe 1998) is a collage of stratotectonic terranes whose complexity reflects 
tectonic events across a 100 Ma interval from the early Palaeozoic to the mid 
Triassic in what is interpreted to be a broadly forming continental arc accretionary 
margin. The Gympie terrane (Korsch 2009) is a unique, exotic terrane of late-
Permian to earliest Triassic age (~252 Ma) with affinities close to those of an island 
arc tectonic setting, indicated by the presence of basal mafic and intermediate 













Fig.1.2 – New England Orogen and associated sub-divisions – New England Province, Yarrol 
Province, Gympie Province. (Aitchison 1990, Aitchison 1992) 
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1.3 – REGIONAL GEOLOGY: SOUTHERN NEW ENGLAND OROGEN 
The New England Orogen consists of a complex mixture of immature volcanoclastic 
sediments, mature detrital volcanoclastic and acidic volcanic rocks in the west, and 
immature to mature volcanoclastic rocks, limestone and acidic volcanic ejecta 
material in the east (Leitch 1974). The current configuration of the New England 
Orogen is divided into two broad regional components: west of the Peel-Manning 
fault is the moderately deformed ‘Zone A’ (Leitch 1974) or Tamworth Belt (Leitch 
1975), to the east of the Peel-Manning fault is the severely deformed and regionally 
metamorphosed ‘Zone B’ (Leitch 1974) or ‘Tablelands Complex (Leitch 1975). Due 
to the eastward growth of the New England Orogen, three continental arc 
provenances are recognised: a volcanic chain in the west, a fore-arc basin in the 
central and an oceanic trench with associated sediment in the eastern portions of the 
New England Orogen (Fergusson 1984). The eastern oceanic trench is the location 
for the Crescent Head and Point Plomer sequences. The age of rocks ranges from 
the Cambrian (~540 Ma) to the earliest Triassic (~252 – 250 Ma) (Korsch 2009). 
Evolution of the New England Orogen occurred between the Cambrian/Ordovician to 
Triassic through stepwise subduction, accretion and deformation in an ‘Andean-type’ 
continental arc on and off of the eastern Gondwanan margin (McPhie 1984). It is 
presumed the subduction-zone was dipping west (Leitch 1975) during this period, 
although this model is no unanimously accepted across the literature as the 
preferred model of formation (Glen 2012, Buckman 2014). In its present form, the 
New England Orogen is interpreted to be an amalgamation of structural blocks and 
terranes, intruded by both syn- and post-kinematic I and S-type granitoids during the 
Carboniferous (Aitchison 2012, Buckman 2014). 
A series of geological reconstructions have indicated that near-continuous 
subduction and associated volcanism occurred up until the Carboniferous, then a 
sudden hiatus in volcanic activity throughout the Carboniferous, and then the 






1.4 – THE TABLELANDS COMPLEX  
The ‘Tablelands Complex’ or ‘Zone B’  defined by Leitch (1974), makes up the 
oceanic-trench and associated sediments of the Andean-type continental arc 
structure that is dominant across the New  England Orogen (McPhie 1984). The 
Tablelands complex is an accretionary complex comprised of igneous and 
volcanoclastic sediment, associated with acidic (felsic) volcanism sourced from a 
continental arc setting (Currabubula Arc McPhie (1984) within the western portion of 
the New England Orogen. Volcanoclastic sediment deposited as part of the 
accretionary complex are both terrestrial and marine in nature (Leitch 1975, Korsch 
1981). The Tablelands Complex consists of two regionally distributed, stratotectonic 
terranes (nomenclature of Aitchison (1990), the ‘Djungati’ and ‘Aniawan’ terranes. 
These two terranes are related due to the presence of small volumes of pillow-
basalts, restricted to base-faulted sections, overlain by either limestone or ribbon-
bedded chert (Cawood 1982, Cawood 1984). It is within the Tablelands Complex 
that the Crescent Head and Point Plomer sequences are located. 
1.4a – The Djungati terrane 
 
The Djungati terrane defined by (Aitchison 1992) is described as a disrupted basalt, 
chert, volcanoclastic siltstone, sandstone and conglomerate, with rare limestone, 
olistolith dominated terrane, fault-bounded with unevenly distributed metamorphic 
deformation. Radiolarian data indicates a mid-Silurian to early-Carboniferous age. 
1.4b – The Aniawan terrane 
 
The Aniawan Terrane, as defined by Aitchison (1992) is described as a regionally 
extensive, disrupted terrane, comprised of a repeated sequence of minor basalt, 
ribbon-bedded tuffaceous chert, tuffaceous siltstone and volcanoclastic sandstones. 
Volcanoclastic sediment is derived from an arc-setting. Radiolarian data indicates a 












1.5 – PREVIOUS WORK 
Previous work across the New England Orogen have incorporated the Crescent 
Head and Point Plomer sequences within several large structural blocks and 
terranes (Korsch 1981, Murray 1987, Roberts 1995, Shaanan 2014). 
1.5a – Hastings Block 
 
The Hastings Block is defined as an arc-related basin fill located out of place, on the 
outboard margin of the subduction complex and juxtaposed along strike from fore-
arc basin of the southern New England Orogen (Roberts 1995). 
1.5b – Nambucca Block 
 
The Nambucca Block is defined as a poorly-outcropped volcanoclastic, accretionary 
complex rocks as part of the Tablelands Complex. The Nambucca Block consists of 
deformed clastic sediment of varying grain sizes that have low-level metamorphic 
deformation (Shaanan 2014). 
1.5c – Nambucca Slate Belt 
 
The Nambucca Slate Belt is defined as a sequence of upper Palaeozoic clastic 
rocks, minor acid volcanic rocks, basic lavas and rare limestone that have 
undergone low-grade, regional metamorphism and multi-phase deformation during 
the middle Permian (Leitch 1975). 
1.5d – Terranes 
 
Using the nomenclature prescribed by Aitchison (1990) the following sub-divisions of 
the southern New England Orogen are defined by lithology, structure and ages 
(absolute and relative). 
 
Gamilaroi  
A stratigraphic terrane consisting of island arc volcanic rocks and associated 
pyroclastic and epiclastic sediments, limestone and radiolarian chert. This represents 
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an overall regressive sequence from marine to terrestrial. Present within this 
sequence are two distinct arc settings (island arc and continental arc), representing 
different time periods during the development of the terrane. In-situ faunas have a 
well-established age range between the middle-Devonian to Permian. A Cambrian-




A dismembered terrane comprising of ophiolitic rocks in a serpentinite-matrix 
melange, minor gabbro, dolerite and basalt structurally overlain by volcanoclastic 
sediments. Magmatic zircons from plagiogranite provided 206Pb/238U date of 530 ± 6 
Ma, and a blueschist K/Ar date of 482 ± 10Ma (Aitchison 1994). This terrane 
structurally overlies the Djungati terrane (Aitchison 1990, Aitchison 1994) 
 
Djungati 
A dismembered terrane consisting of a sequence of repeated thrust slices of basalt, 
chert, siltstones and arc-derived sandstones. Across the terrane, there is an 
unbalanced spread of intensely-deformed rocks. Radiolaria ages have indicated a 
middle-Silurian to early-Carboniferous age. This terrane stratigraphically overlies the 
Anaiwan terrane, and is considered part of the ‘Gwydir superterrane’ along with the 
Anaiwan terrane (Aitchison 1990, Aitchison 1994). 
Anaiwan 
A dismembered terrane containing repeated thrust slices of basalt, chert, tuffaceous 
siltstones and sandstones and minor conglomerates. This terrane stratigraphicaly 
underlies the Djungati terrane, and is considered part of the ‘Gwydir superterrane’ 
along with the Djungati terrane. Radiolarian data has indicates a late Devonian 
(Famennian) to Early Carboniferous (Visean) age. This terrane is intruded by the 
Bundarra Plutonic Suite (Aitchison 1990, Aitchison 1994). 
 
Keinjan 
A ‘suspect’ stratigraphic terrane containing several fault slices of calc-alkaline 
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volcanics, volcanoclastic sandstones and limestone breccias unconformably overlain 
by fossiliferous shallow marine Permian volcanoclastic sediment and calc-alkaline 
volcanics. There is currently no given age, although is assumed to be of Permian or 
older age due to the unconformably overlying Permian sediment and calc-alkaline 
volcanics (Aitchison 1990) 
 
Gidabal 
A terrane consisting of shallow-marine strata containing siltstone, volcanic and acid 
plutonic derived sandstone with minor conglomerates, minor silicic volcanics and 
tuffs, together with massive acid to intermediate volcanics, quartzo-feldspathic 
sandstone and mudstone. Two distinct ages are present for this terrane, the first: 
early to late Carboniferous for the geology of the shallow-marine strata, and the 
second: early Permian for the massive acid to intermediate volcanics (Aitchison 
1990, Bryant 1997) 
 
Yugambal 
A disrupted terrane, melange in part, consisting of tuffaceous mudstone, fine-grained 
mafic to intermediate igneous rocks, volcanoclastic sandstone, argillite, 
conglomerate, limestone breccia and chert. The tectonic setting is problematic as it 
has been hypothesised to be a fragment of a remnant arc, fore arc basin, an exotic 
terrane and a back arc basin. No precise dates for this terrane have been provided, 
but in stratigraphic relation to other units in the area, the argued date range is 
Silurian-Devonian (Aitchison 1990, Bryant 1997). 
 
Bundjalung 
A dismembered terrane, located immediately east of the ‘Yugambul’ terrane, 
comprises of a serpentinized mass of harzburgite with lesser amounts of dunite and 
pyroxenite, intruded by boninitic dykes. This terrane possibly represents a fragment 
of a fore arc material. The age of formation is unknown, although a volcanic-
sedimentary sequence (dated to the late Permian) unconformably overlies the 
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Bundjalung terrane to the northwest, this provides a minimum Permian age for 
emplacement (Aitchison 1990, Aitchison 1994, Bryant 1997). 
 
Ngaku 
A metamorphic terrane, synonymous with the Nambucca Slate Belt, this terrane 
consists of low-grade metamorphosed sedimentary rocks, interbedded with dolerite 
and basalt. Currently, depositonal age is unknown, but metamorphic deformation 




A stratigraphic terrane, comprised of ultra-mafic, mafic and felsic rocks of arc-
ophiolite affinity overlain by volcanoclastic sandstone, conglomerate, tuff, tuffaceous 
chert, intercalated basalt and argilltes. It is inferred that this terrane once sat at the 
southern end of the Tamworth Belt, and is synonymous with the structurally defined 
‘Hastings Block’. Igenous zircons from intrusive rocks found within the terrane 
indicate a middle Devonian age (374 ± 8Ma) (Aitchison 1990, Aitchison 1994)  
Ngamba 
A dismembered and metamorphic terrane comprised of a serpentinite matrix 
melange contained disrupted ophiolitic sequences, with blocks of chert, shale, 
pillowed and brecciated basic extrusive mafic and ultra-mafic dykes, blueschist 
blocks and felsic dykes. Metamorphic grade ranges from metamorphosed through 
glaucophane schist, amphiboles and eclogite. This terrane is synonymous with the 




























































Fig.1.5 –Terranes within the southern New England (Scheibner 1996) The black dot is 
representative of the location of the Crescent head and Point Plomer sequences. 
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1.6 - MODELS OF FORMATION 
 
While the presence of a continental subduction-zone on the eastern margin of 
Gondwana is generally accepted, debate exists surrounding the structural 
mechanisms behind congfiguration and deformation in the southern component of 
the New England Orogen (Leitch 1975, Day 1978, McPhie 1987). 
One hypothesis thought suggests that deformation recognised within the New 
England Orogen are the results of an ‘accordian-style’ tectonics, where oroclinal 
bending, block displacement and movement are the result of dextral or sinistral 
strike-slip movement, along a transform margin similar to a ‘California’ model of 
tectonics (Blake Jnr. 1988, Aitchison 1992). Accordian formation models recognise 
the existence of 4 oroclinal structures (Texas and Coffs Harbour in the north, 
Manning and Hastings in the south). These models are determined upon 
geomagnetic signatures on magnetic-intensity imagery (Cawood 1982, Cawood 
1985, Cawood 2011a, Glen 2012, Li 2012). 
Alternatively, Buckman (2014) expands upon the model proposed by Aitchison 
(2012), acknowledging several exotic island-arc terranes across the New England 
Orogen, and postulated that these terranes had periodically collided and accreted to 
the margin of eastern Gondwana before the Carboniferous era. This train of thought 
is considered to be a ‘quantum’ tectonic model. 
Accordian models are then divided upon the postulated mechanism for deformation, 
either dextral strike-slip, sinistral-strike slip or shortening within the fore-arc basin. 
Each of these model differences are summarised in Tab.1a, Tab.1b and Tab.1c. 
The quantum tectonic model interprets several exotic, Panthalassan Cambrian-
Devonian terranes (Gamilaroi, Weraerai, Djungati) were accreted westward over the 
Gondwana continental margin by the latest Devonian. After this collision and 
accretion, an inferred flip in subduction (east to west) and the establishment of 
‘Andean-style’ continental margin by the latest Devonian. Subsequent accretionary 
complex (Aniawan Terrane) grew on top of the previously accreted Weraerai-
Gamilaroi-Djungati terranes in the Carboniferous (Aitchison 2012, Buckman 2014) 
The collision of the Gympie Terrane around the Permo-Triassic boundary is also 
interpreted to have initiated the Hunter-Bowen orogeny (~251Ma). This compression 
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event is also held responsible for the exhumation of portions of the Weraerai- 
Gamilaroi-Djungati terranes along thrust faults due to the vertical displacement of an 
extensive, thin-skinned sheet of oceanic and island arc crust, which underlies the 


























Author Description + Evidence Age 
Sinistral Strike-Slip   
(Cawood 1982) 
(Cawood 1985) 
Sinistral strike-slip fault came about 
due to a change in nature of plate 
boundary from convergent to 
transform. 
 
Hastings Block originally positioned 
immediately south of the southern 
Tamworth Belt. Sinistral strike-slip 
movement on a series of rotating N-
NNW trending faults to produce the 
Parrabel anticline in the Hastings 
Block and broad curvature of the 
southern Tamworth Belt 
N/A 
(Cawood 2011a) Uses palaeomagnetic data, sinistral 
model proposed produced all fours 
‘oroclines’, buckling in response to 
offshore NNW-trending fault. 
 
- Hastings Block originated 
1600km south of current 
position. 
- Southern Tamworth Belt 
originated 1080-830km 
south of current position. 
- Northern Tamworth Belt + 
Texas Block originated 
470 – 400km south of 
current position. 
- Hinge of Texas Orocline 
moved ~340km west. 
- Northern Tamworth Belt 
moved ~440km west. 
- Hinge of Manning Orocline 
moved ~400km west. 
 
Permian 
~273 – 260Ma 
(Collins 1993) extension of 
(Cawood 1985) 
Hastings Block originated ~500km 
south of the Tamworth Belt, 
underwent ~1000km of northward 
translation with anticlockwise 
rotation. Also inferred Nambucca 













Author Description + Evidence Age 
Sinistral Strike-Slip   
(Leitch 1978) E-W structural fabric formed by 
squeezing Nambucca Block 
between the northward moving 
Hastings Block and southward 





E-W structural fabric formed by 
squeezing Nambucca Block 
between the northward moving 
Hastings Block and southward 
moving Coffs Harbours Block. 
 
Permian 
~273 – 260Ma 
(Scheibner 1976) 
(Offler 2008) 
130° clockwise rotation of the 




Buckle Folding   
(Glen 2012) Hastings Block arrived at current 
position due to orocline folding and 
underthrusting. 
 
Oroclines reflect buckle folds 
responding to variables shortening 
within the forearc basin and 
subduction complex. Variations are 
continuous along axial traces, with 
smaller amplitude changes in 
amounts and directions (inboard of 
the margin of the forearc basin). 
 
N/A 






Author Description + Evidence Age 
Dextral Strike-Slip   
(Murray 1987)  
Texas and Coffs Harbour Oroclines 
were created due to dextral strike-




(~310 – 300 Ma) 
(Harrington 1987) Oroclinal bending occurred due to 
dextral strike-slip movement on the 




(Lennox 1997) Dextral transpression in eastern 
Australia in a broad sheer zone with 
a SE-NW orientation. Indicated by 
vertical axis rotation, subvertical 
folds and intersection lineations in 
the hinge of the Texas Orocline. 
Bedding in the subduction complex, 
around a folded axis plunging at 
76°-164°, and cleavage folded 





(Offler 2008) Oblique subduction on the plate 
boundary, of an off-land fault, 
pinning in the south and therefore 
the buckling of the subduction 
complex about a vertical axis. 
Permian (Texas + Coffs) 
(~273 – 260 Ma latest) 
(Korsch 1993) Provided evidence to dextral strike-
slip with vertical-axis rotation and 
subvertical dips measured in 
subduction complex rocks in the 
hinge of the Coffs Harbour orocline. 
N/A 
(Li 2012) Indicated by vertical axis rotation, 
subvertical folds and intersection 
lineations in the hinge of the Texas 
Orocline.  Fold axis in S1 cleavage 
plunging at 80° - 225° in response 
to dextral strike-slip movement with 
an offshore meridional fault. 
Followed by E-W shortening. (All 
due to early Permian roll back of a 








1.7 – LOCAL GEOLOGY 
1.7a – Crescent Head Sequence 
The Crescent Head sequence is currently assigned to the Crescent Head Sediments 
group by Gillian (1987), comprising of mature, clastic-rich sequences of massive 
sandstones, laminated sandstones, siltstone and conglomerate. 
1.7b – Point Plomer Sequence 
The Point Plomer sequence is currently assigned to the ‘Boonanghi beds’ by Roberts 
(1995), comprising of immature volcanoclastic sequence of mudstone, laminate, 



















CHAPTER 2 – STRATIGRAPHY 
 
2.1 – TURBIDITES 
 
A turbidite is a sedimentary structure resulting from a single, short-lived, depositional 
event which, after deposition, is very unlikely to be reworked by other ocean currents 
(Walker 1986-a). Turbidite structures are created by currents driven by gravity acting 
upon the density differences between the current and the surrounding sea water and 
which flow downslope on the ocean floor. These density currents are defined by a 
series of environmental factors including temperature (colder temperatures lead to 
greater density, high salinity and/or suspended sediment) (Walker 1986-a, Walker 
1986-b). 
Turbidite deposition is triggered by one or a series of environmental events: seismic 
activity, floods in river systems or the spontaneous failure of rapidly deposited 
sediment with relatively fine-grain sizes and high pore pressures (Walker 1986-a). 
Turbidite deposits are usually extensive and volumetrically important. Turbidite 
deposits, if deposited in an appropriate marine environment, can preserve intricate 
sedimentary structures created by turbidity currents (Walker 1986-a). Turbidite 
deposits, depending on the environment of deposition can preserve other features 
such as faunal assemblages, fossilised logs and wood, carbonaceous material and 
conglomerate clasts (Walker 1986-a, Walker 1986-b). Although some shelf and 
shallow marine turbidite sequences have been recorded (Walker 1986-a, Bann 
2008), typically turbidites are deposited below wave-base, in deep marine settings,. 
 
2.2 – DEEP MARINE TURBIDITES 
 
Deep marine turbidite sequences are theoretically categorised by a 5-tier, normal 
graded sequence (Bouma 1962, Lowe 1982). This 5-tier structure is known as a 
‘Bouma sequence’ (Bouma 1962). Each Bouma division is characterised by a 
specific sedimentary structure, grain size and indicator of the flow regime 
responsible for deposition. The bottom division ‘A’ is an ungraded, massive 
sandstone bed with no sedimentary structures. It is coarse-grained and contains 
uncommon lenses of conglomerate clasts of various sizes. Division ‘B’ is a normal 
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graded, coarse to medium grained sandstone with planar bedding. Middle division 
‘C’ is categorised by fine-grained cross bedding, ripples and, occasionally, climbing 
ripples. Division ‘D’ is categorised by laminated siltstones. The top ‘E’ division is 












Despite this theoretical model, deep-marine turbidite sequences rarely follow this 
structure. Many turbidite sequences may not contain particular divisions (e.g. A-C-D, 
B-C-D, B-D-E, etc.). This may be due to external environmental factors placed upon 
the depositional environment changing the character of Bouma sequences.  
 
2.3 – CRESCENT HEAD and POINT PLOMER SEQUENCES 
 
All previous stratigraphic descriptions assigned to these sequences have been 
based upon comparisons with, or similarities to, other units with stronger 
stratigraphic and biostratigraphic controls. The well-preserved, graded beds of the 
Crescent Head and Point Plomer sequences are considered to be deep-marine 
turbidite deposits, but their relationship with the more intensely deformed Nambucca 
Fig.2.1 Theoretical bouma schematic. (Bouma 19 
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Slate Belt to the north or the Hastings Block to the south has not been established 
(Murray 1987, Roberts 1995). 
2.4 – METHODOLOGY 
 
Stratigraphic logs were recorded in the field using standard field techniques. 
Stratigraphic descriptions included primary mineral assemblage, grain size changes, 
sedimentary structures, deformation structures, bioturbation (if present) and 
preservation state. Field logs were digitised offline using ‘LogPlot 7’. 
2.5 – RESULTS & ANALYSIS 
 
2.5a – Killick Beach, Crescent Head (Top of sequence) 
 
The sedimentary sequence found at Killick Beach is interpreted to be an overall 
fining up sequence, consisting of interbedded atypical Bouma turbidite sequences 
with coarse-grained, massive ungraded sandstone beds with uncommon granule 
conglomerate lenses. This portion of the Crescent Head sequence marks the top of 
the complete sedimentary sequences located between Point Plomer and Crescent 
Head. In contrast to Bouma sequences which appear to have undergone chemical 
alteration and physical breakdown due to the presence of radiolarian, sandstones 
are relatively unweathered. Bouma sequences appear to only contain B/C – E 
divisions.  
The overall thickness of bedding located at Pebbly Beach (northern and southern 
end) of this sequence is 257 m. The average thickness of individual beds ranges 
between 1 m and 2.5 m for sandstone beds, between 4 cm and 30 cm for siltstone-
mudstone bouma structures, between 0.5 cm and – 2 cm for mudstone-only bouma 
divisions, and between 1 cm and 5 cm for granule conglomerate lenses. The 
approximate proportions of sandstone, mudstone-siltstone and conglomerate are 
85:13:2.  
It can be interpreted that this portion of the sequence was deposited beyond, but 
proximal, to the continental-shelf in a deep-marine environment via grain and 
cohesive flows (Lowe 1982). This idea is supported by the presence of siltstone-
mudstone bouma sequences as opposed to mudstone-only sequences commonly 
seen in distal deep-marine turbidites. The idea of proximity is also supported by the 
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presence of granule conglomerate lenses within ungraded, massive sandstone beds 
(Walker 1975) (Fig. 2.2 and Appendix H). 
 
2.5b – Pebbly Beach North 
 
The sedimentary sequence present at the northern end of Pebbly Beach, Crescent 
Head, is a continuation of the bottom half of the sedimentary sequence at Killick 
Beach, Crescent Head. This portion of the sequence is interpreted to be an overall 
fining up sequence, consisting of interbedded atypical bouma turbidite sequences 
with coarse-grained, massive ungraded sandstone beds with common granule 
conglomerate lenses. This portion of the sequence is part of the top of the overall 
sedimentary sequences found between Point Plomer and Crescent Head. 
Sandstones are relatively unweathered, although many have secondary iron 
mineralisation present. In contrast, bouma sequences present appear to have 
undergone physical and chemical breakdown (the former indicated by bioturbation 
highlighting the presence of radiolarian) (Bann 2008). Bouma sequences appear to 
only contain B/C – E divisions. 
The overall thickness of this sequence is 257 m, and incorporates the thicknesses of 
bedding located at Killick Beach and the southern end of Pebbly Beach. The average 
thickness of individual beds ranges between 1 m and 4 m for sandstone beds, 4 cm 
and 20 cm for siltstone-mudstone bouma structures, 0.5 cm and 2 cm for mudstone-
only bouma divisions, and 1 cm to 3 cm for granule conglomerate lenses. The 
approximate proportions of sandstone, mudstone-siltstone and conglomerate are 
80:15:5.  
It can be interpreted that this portion of the sequence was deposited beyond, but 
proximal, to the continental-shelf in a deep-marine environment via grain and 
cohesive flows (Lowe 1982). This idea is supported by the presence of siltstone-
mudstone bouma sequences as opposed to mudstone-only sequences commonly 
seen in distal deep-marine turbidites. The idea of proximity is also supported by the 
presence of granule conglomerate lenses within ungraded, massive sandstone beds 
(Walker 1975). Also noted is the presence of large sequences of rip up clasts, 
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suspended mud clasts and seismic deformation structures known as ‘neptunian 
dykes’.  
The presence of rip up clasts and suspended mud clasts indicates the environment 
of deposition at this was of high energy and these features were deposited due to a 
cohesive flow. Meanwhile, the presence of the seismic deformation may be 
representative of the volcanically-related seismic activity in the New England Orogen 
during and post-deposition (see Fig. 2.3 and Appendix H). 
2.5c – Pebbly Beach South (Middle of Crescent Head sequence) 
 
The sedimentary sequence present at the southern end of Pebbly Beach, Crescent 
Head, is seen to be independent of the sequence located at the northern end of 
Pebbly Beach. The southern sequence is interpreted to be an overall fining up 
sequence, consisting of interbedded atypical bouma turbidite sequences with 
coarse-grained, massive ungraded sandstone beds with common granule 
conglomerate lenses. This portion of the sequence is part of the top of the overall 
sedimentary sequences found between Point Plomer and Crescent Head and the 
middle component of the Crescent Head sedimentary sequence. The bottom part of 
this sequence, located at Goolawah Beach, reflects the sedimentary sequence found 
at the southern end of Pebbly Beach. Sandstones are relatively physically 
unweathered although many have secondary iron mineralisation present. In contrast, 
bouma sequences present appear to have undergone physical and chemical 
breakdown (the former indicated by bioturbation highlighting the presence of 
radiolarian) (Bann 2008). Bouma sequences appear to only contain B/C – E 
divisions. 
The overall thickness of this sequence is 257 m. This incorporates the thicknesses 
for bedding located at Killick Beach and the northern end of Pebbly Beach. The 
average thickness of individual beds ranges between 2 m and 4 m for sandstone 
beds, 5 cm and 25 cm for siltstone-mudstone bouma structures, 0.5 cm and 2 cm for 
mudstone-only bouma divisions, and 1 cm and 3 cm for granule conglomerate 
lenses. The approximate proportion of sandstone, mudstone-siltstone and 
conglomerate is 87:11:2.  
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It can be interpreted that this portion of the sequence was deposited beyond, but 
proximal to the continental-shelf in a deep-marine environment via grain and 
cohesive flows (Lowe 1982). This interpretation is supported by the presence of 
siltstone-mudstone bouma sequences as opposed to mudstone-only sequences 
commonly seen in distal deep-marine turbidites. The idea of proximity is also 
supported by the presence of granule conglomerate lenses within ungraded, 
massive sandstone beds (Walker 1975) (Fig. 2.4 and Appendix H). 
2.5d – Point Plomer Sequence (Queens Head Beach – Racecourse Head) 
 
The Point Plomer sedimentary sequence located between Queens Head Beach and 
Racecourse Head, is seen to be independent of the Crescent Head sedimentary 
sequence located to the north. This sequence is interpreted to be an evolving, fining 
up sequence, consisting of dark-coloured, fine-grained shale evolving into a more 
clastic-rich fine-grained sandstone interbedded with atypical bouma turbidite 
sequences. This portion of the sequence is the bottom half of the overall 
sedimentary sequences found between Point Plomer and Crescent Head. 
Sandstones appear to be relatively physically and chemically unweathered, although 
the geochemistry of samples representing each of the outcrops indicates high 
sulphur, a typical secondary mineralisation product (Deer 1992). Under petrographic 
examination and despite a lack of physical alteration, samples representing this 
sequence display the presence of radiolarian. Bouma sequences occur only at the 
top of the sequence and consist of C-D/E divisions. 
The overall thickness of the sequences at Queens Head Beach is 326 m. At Back 
Beach it is 296 m, at Point Plomer it is 315 m, at Limeburners’ Creek (Big Hill Beach) 
it is 347 m and at Racecourse Head the thickness is 271 m. The average thickness 
of individual beds is about ~6 m (range 0.5 m to 10 m) for shale, 1 m to 1.5 m for 
sandstone, 10 cm to 15 cm for siltstone-mudstone and no conglomerate. No 
conglomerate lenses were present in the Point Plomer sequence. The approximate 
proportion of sandstone, mudstone-siltstone, shale and conglomerate is 40:25:35:0. 
 
It can be interpreted that this portion of the sequence was deposited beyond, but 
proximal to the continental-shelf in a deep-marine environment via grain and 
cohesive flows (Lowe 1982). This is supported by the presence of siltstone-
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mudstone bouma sequences as opposed to mudstone-only sequences commonly 
seen in distal deep-marine turbidites. The idea of proximity is also supported by the 
presence of granule conglomerate lenses within ungraded, massive sandstone beds 
(Walker 1975) (Fig. 2.5 and Appendix H). 
This sequence is interpreted as a deep-marine environment (via grain and cohesive 
flows) proximal-distal to the continental shelf (Lowe 1982). This idea is supported by 
the presence of siltstone-mudstone, as opposed to mudstone-only sequences seen 
in distal deep-marine turbidites. The shale units located between Queen Head Beach 
and Point Plomer were initially recorded as carbonaceous, but are now interpreted 
as mafic-intermediate, volcanically-derived sediment following the pairing of 
petrographic and geochemical analysis (see chapters 5 and 6). 
 
2.6 – ANALYSIS & INTERPRETATION 
 
The Crescent Head sequence is interpreted as proximal to shelf, deep-marine 
turbidite sequence, consisting of clastic-rich sandstone interbedded with siltstone-
mudstone and granule conglomerate lenses. It is interpreted that this sequence was 
deposited by either grain or cohesive gravity flow movement across the ocean flow 
(Lowe 1982). The postulated average energy of the environment of deposition is low 
as indicated by the deposition of suspended siltstone and mudstone sediment 
(Walker 1986-b).  
Throughout the Crescent Head sequence, the presence of rip up clasts indicates 
high energy events. Meanwhile, the presence of seismic deformation features, 
possibly caused by movement on a localised fault associated with the wider 
volcanic-arc setting present during the time of deposition in the latest Permian, fits in 
with the regional tectonic setting of the New England Orogen (Murray 1987) (see 
Chapter 3). 
The Point Plomer sequence is interpreted to be borderline proximal-distal to a shelf, 
deep-marine turbidite sequence which evolves from dark coloured shales into semi-
clastic rich sandstones interbedded with siltstone-mudstone lenses. This is also 
interpreted to be the product of a grain or cohesive gravity flow across the ocean 
floor (Lowe 1982). It is postulated the average energy of the environment of 
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deposition is low, with only short, high energy events depositing relatively small 
sandstone beds (Walker 1986-a, Walker 1986-b). 
The lack of seismic deformation within the Point Plomer sequence may be indicative 




 Fig. 2.2 – Detailed Killick Beach stratigraphic log. 
47 
  
Fig. 2.3 – Detailed Pebbly Beach (north) stratigraphic log. 
48 
  
Fig. 2.4 – Detailed Pebbly Beach (south) stratigraphic log. 
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Fig. 2.5 – Detailed stratigraphic log from Point Plomer to Crescent Head. 
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CHAPTER 3 – GEOCHRONOLOGY 
 
3.1 – U/Pb ZIRCON GEOCHRONOLOGY 
 
This chapter reports the application of U-Pb (uranium-lead) zircon dating method to 
provide the absolute dates for the maximum possible age of deposition of outcrops 
representative of samples within the Crescent Head and Point Plomer sequences. 
All previously assigned ages for these sequences have been based upon 
comparisons or similarities to other units with stronger biostratigraphic age controls. 
Previous dates for the Crescent Head and Point Plomer sedimentary sequence 
include: 
Formation Age Method Reference 
Crescent Head Sediments Carboniferous U-Pb Gillian (1987) 
Unnamed sediments at Crescent 
Head Devonian - Carboniferous U-Pb Brunker (1968) 
Byabbara Beds Carboniferous U-Pb Gillian (1987) 
Nambucca Block Early Permian (~290 - 280 Ma) K-Ar Shaanan (2014) 
Northern Hastings Block Devonian - Carboniferous U-Pb  Roberts (1995) 
Aniawan Terrane Carboniferous - Permian U-Pb 
Aitchison (1990);Roberts 
(1995) 






Formation Age Method Reference 
Boonanghi Beds Devonian - Carboniferous U-Pb Roberts 1995 
Byabbara Beds Carboniferous  U-Pb Gillian (1987) 
Nambucca Block Early Permian (~290 - 280 Ma) K-Ar  Shaanan (2014) 
Northern Hastings Block Devonian - Carboniferous U-Pb  (Roberts (1995)) 
Anianwan Terrane Carboniferous - Permian U-Pb 
Aitchison (1990);Roberts 
(1995) 
Tablelands Complex Carboniferous - Permian U-Pb 
Aitchison (1990);Roberts 
(1995) 
Birpai Terrane Late Devonian - Permian U-Pb Aitchison (1990) 
 
Tab. 3.1 – Summary of previous dates assigned to sediments within the Crescent Head sequence. 
Tab. 3.2 – Summary of previous dates assigned to sediments within the Point Plomer sequence. 
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3.2 – SAMPLE GROUPINGS 
 
Three samples (CH01, CH02 and PP01) were collected and designated to be 
representative samples of the outcrops located within the Crescent Head and Point 
Plomer sedimentary sequences (CH01 and CH02 representative of Crescent Head, 
and PP01 representative of Point Plomer). Samples CH01 and CH02 were collected 
at the top of the sedimentary sequence, located at Killick Beach, Crescent Head, 
while PP01 was collected at the bottom of the sedimentary sequence, located at 
Queens Head Beach, Point Plomer. 
 
3.3 – ZIRCON DATING 
 
3.3a – INTRODUCTION 
 
Determining the absolute ages utilising U-Pb zircon geochronology takes advantage 
of the natural process of radioactive decay; the process where the nucleus of an 
unstable isotope (radioisotope) undergoes one or a series of spontaneous 
breakdowns in order to form a stable constituent, thus achieving isotopic stability. 
The breakdown process of the nuclei of unstable radioisotopes occur at set rates for 
each element and associated radioisotope. This process occurs independently of 
other physical and chemical parameters which may interrupt this process 
(Summarised by Williams (1998)). 
The absolute age of a radioisotope is achieved through the measuring of a ratio of 
daughter (‘D’) to the remaining parent (‘P’) when the decay constant (‘λ’) is known, 
through the formula: 
D/P = eλt – 1 
The decay constants for the breakdown of radioisotopes is expressed with regards to 
the radio-isotopes half-life (T1/2). This represents the time taken for half of the given 
amount of the parent radioisotope to decay. The decay constant and half-life are 
relate by: 
T1/2 = ln2 / λ 
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To be suitable for geochronological dating, a radioisotope must have a half-life that is 
comparable to the time periods to be measured. This is due to the system being 
reliant  
238U decays to 206Pb, half-life (T1/2) = 4.47 x 109 yr (4.47 Ga) 
and 
235U decays to 207Pb, half-life (T1/2) = 0.704 x 109 yr (704 Ma) 
The U-Pb decay system is a ‘paired system’ (Eicher 1968, Williams 1998). This 
pairing occurs within the U-Pb system and permits a further age determination from 
ratios of daughter isotopes 207Pb/206Pb. This acts as the independent measure to 
help determine if a system has remained closed (undisturbed) or open (disturbed), 
due to secondary, external factors (Eicher 1968, Williams 1998). 
The comparison between isotopic ratios to determine disturbance occurs on one of 
two commonly used diagrams – ‘Wetherill’ or ‘Tera-Wasserburg’ concordia 
diagrams. (For the purposes of this study, the ‘Tera-Wasserburg’ concordia diagram 
was used.) 
The ‘Tera-Wasserburg’ (238U / 206Pb vs 207Pb / 206Pb bivariate diagram plots all 
variables that have been directly measured, rather than using 235U calculated to an 
accepted modern ratio in the ‘Wetherill’ (207Pb / 235U vs 206Pb / 238U bivariate plot) 
(Williams 1998). 
Zircon (ZrSiO4) is one of the most common and effective minerals for U-Pb 
radioisotope dating. Uranium, and thorium are incorporated into the crystal lattice of 
zircon in small (trace) amounts of up to approximately 1000 parts per million (ppm) 
(Eicher 1968, Williams 1998). Zircons are also common minerals found within 
igneous (predominantly felsic) volcanic systems and have the physical and chemical 
characteristics to survive episodes weathering and erosion (Williams 1998). 
 
3.3b – CATHODOLUMINESCENCE (‘CL’) IMAGING 
 
Cathodoluminescence (‘CL’) imaging is the process by which the bombardment of 
minerals with an electron beam, can cause luminescence in the visible spectrum. 
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The luminescence depends on the crystal structure and chemical composition of the 
mineral. 
Thus, cathodoluminescence imaging of zircons reveals the internal structure, 
zonation patterns, U and Th content, and presence of inclusions of other minerals 
which are not or rarely seen with transmitted and reflected light microscopy 
(McLemore 1987, Hanchar 1993, Gotze 1999). 
 
3.3c – SENSITIVE HIGH RESOLUTION ION MICROPROBE (SHRIMP II) 
 
The ‘Sensitive High Resolution Ion Microprobe (SHRIMP II) is a double-focusing 
secondary ion mass spectrometer designed and constructed at the Australian 
National University (ANU), with the purpose of analysing geological materials with a 
sufficiently high mass resolution to eliminate most major isobaric interferences 
(radioisotope decay products), while maintaining the highest possible sensitivity 
(Ireland 1995, Williams 1998). 
SHRIMP II analysis occurs by focusing two beams, the first ‘primary ion beam’ of 
oxygen ions onto a spot approximately 20µm wide on the target material. This 
splutters material from the target spot to produce secondary ions, which are focused 











Fig. 3.3a – Schematic of SHRIMP machine (Ireland 1995) 
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3.3d – DATA REDUCTION 
Raw data acquired from SHRIMP II was presented offline using the ANU programs 
PRAWN and Llead (processing done by A. Nutman). Diagramatic representation of 
the reduced data was undertaken in the ExcelTM plugin ISOPLOT. 
3.4 – METHODOLOGY 
3.4a – ZIRCON EXTRACTION (SELFRAG DISSOCIATION) 
Zircon extraction occurred using the SELFRAG dissociation process at Macquarie 
University. The SELFRAG process permits for the complete recovery of grains in 
their original form without damaging the actual individual mineral form. The 
SELFRAG process dissociates grains from a geological sample through the use of 
electric pulses running through a sample. Three samples, CH01, CH02 and PP01 
underwent this process in order for zircon extraction to occur. 
SELFRAG PROCEDURE as follows: 
1. Crush geological samples in hydraulic crusher to approximately 3cm size 
pieces. 
2. Assemble SELFRAG rig. 
3. Place up to 500g of crushed material into assembled rig, add water and 
ensure the electrode at the bottom of the assembled rig is exposed. 
4. Set the number of pulses (voltage), time, rate and distance between machine 
and electrode. (TEST VALUES: 10mm gap, 200 pulses, 3/sec). 
5. Run SELFRAG process and alter the voltage and number of pulses if 
necessary after approximate conductivity of geological material is determined.  
6. Take dissociated geological sample to undergo panning and screen 
processes. 
7. Geological sample panned and screened at 600µm, 300µm and <300µm.  
8. +600µm, <600µm - >300µm captured. <300µm panned and divided into 
‘heavy and light’ dissociates. 
9. <300µm undergoes both magnetic separation and/or heavy liquid separation. 
Magnetic separation of samples CH02 and PP01 was undertaken on a ‘FRANTZ 
Magnetic Barrier’ magnetic separator to standard procedures. Sample CH01 
underwent alternative ‘heavy liquid’ separation to standard inorganic heavy liquid 
55 
 
separation. Heavy liquid separation utilised the differences in density between 
zircon grains (approximately 3.4 specific gravity) and the heavy liquid ‘Sodium 
















The separation process occurs when portions of the ‘panned heavy’ <300µm 
aggregate are added to the heavy liquid, stirred thoroughly (3 times across 
approximate 10 minute time period) and left to settle. Short bursts of the tap attached 
to the burette allow for all heavy minerals (apatite and zircon) to be captured in a 
filter. This process is repeated until all heavy minerals have been extracted from 
aggregate. 
 
3.4b – ZIRCON YIELD  
Samples CH01, CH02 and PP01 yielded very different results. CH01 and CH02 
yielded a moderate amount of zircons fro each sample, while in contrast the yield for 
PP01 was very small. Samples CH01 and CH02 yielded over 300 zircons, while 
sample PP01 yielded only 8. The original weight for samples CH01 and CH02 was 
approximately 1.3 kg, sample PP01 was approximately 850 g. 




















































Fig. 3.4d – Representative cathodoluminescence images, analysis points and data from sample PP01, lithic arkose sandstone-shales from the Point Plomer sequence. 
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3.4c – ZIRCON DESCRIPTIONS 
Almost all of the zircons extracted from CH01, CH02 and PP01 are rounded, 
prismatic fragments of postulated small igenous zircons derived from I and S-type 
granitic intrusions related to felsic volcanic activity from the central portion of the 
New England Orogen. A majority of zircons also had low to intense oscillatory 
layering within the zircon structure, confirming the zircons are derived from a 
predominant igenous source. Despite this, the fragmented and rounded physical 
character of other zircons indicate they have undergone weathering, erosion and 
transportation to their present location (Corfu 2003). 
 
3.5 – METHODOLOGY & ANALYSIS 
Zircons separated for CH01, CH02 and PP01 were handpicked and cast in an epoxy 
resin 1-inch disc (mount W28) with 17 grains of the standard TEMORA (~417 Ma) 
(Black 2003, Black 2004). The zircon mount is polished until the approximate cross-
section of grains were exposed. Thirty-eight zircons from sample CH01, 50 zircons 
from CH02 and 8 zircons from PP01 were analysed using SHRIMP II at the 
Australian National University, Canberra. 
Cathodoluminescence images were used to target analysis sites, with the intention 
of indicating zircons or parts of zircons which appeared to have undergone the least 
amount of recrystallisation. Zircons with large fractures were excluded. A 
representative sample group for samples CH01, CH02 and PP01 are presented in 
Fig.3.4b, Fig.3.4c and Fig.3.4d. 
All grains were analysed once, excluding those that produced preliminary Permian-
age (~250Ma) results. Analysis was duplicated to confirm the preliminary age or 
indicate possible disturbance of these zircons. Age determination values were 
calculated and displayed on Tera-Wasserburg and cumulative Gaussian distribution 






3.6 – RESULTS 
Crescent Head sequence (CH01 and CH02) 
CH01 (top of sequence)   
Forty analyses were undertaken on 38 zircons. Nearly all of the zircons from CH01 
plot very close or on concordia, highlighting minimal disturbance to the isotopic 
system. Two distinct age populations were indicated, one broad Carboniferous age 
(~350 – 300 Ma), and  3 grains in the late Permian (~258 – 255 Ma) (Tab.3.3, 
Tab.3.4). The latter have the weighted mean 206Pb/238U age of 256.9 ± 7.6 Ma (at 
95% confidence, MSDW = 0.51). One pre-Carboniferous grain was detected (~500 ± 
14 Ma). 
 
CH02 (top of sequence) 
Fifty-five analyses were undertaken on 50 zircons. Nearly all of the zircons from 
CH02 plot very close to or on concordia, indicating minimal disturbance to the 
isotopic system. Two distinct age populations (excluding signifcantly older, inherited 
zircons from Gondwana) are present. First is a dominant Carboniferous population 
with dates between (~350 – 300 Ma). The second age population displays 
significantly younger Permian ages of ~250Ma. Duplicate analysis on some grains 
reproduced the ~250Ma age, indicating a genuinely young age, rather than viable 
loss of radiogenic Pb from Carboniferous grains. (Tab.3.5, Tab.3.6, Tab.3.7). The 
latter yield a weighted mean 206Pb/238U of 249.6 ± 6.1 Ma (at 95% confidence, 












Labels Site U/ppm Th/ppm Th/U f206% 238U / 206Pb 207U / 206Pb 206Pb / 238U Method 
CH01 - Killick Beach, Crescent Head 
CH01-1.1 e,osc,pr,fr 881 445 0.505 <0.01 19.848 ± 0.489 0.0523 ± 0.0012 317 ± 8 U-Pb 
CH01-1.2 e,osc,pr,fr 411 181 0.439 <0.01 20.608 ± 0.772 0.0528 ± 0.0015 305 ± 11 U-Pb 
CH01-2.1 e,osc,pr,fr 124 90 0.728 0.01 18.789 ± 0.481 0.0533 ± 0.0053 334 ± 8 U-Pb 
CH01-3.1 e,osc,pr,fr 514 439 0.855 <0.01 19.717 ± 0.395 0.0525 ± 0.0015 319 ± 6 U-Pb 
CH01-4.1 e,osc,pr,fr 149 91 0.612 <0.01 18.808 ± 0.469 0.0530 ± 0.0032 334 ± 8 U-Pb 
CH01-5.1 e,osc,pr,fr 203 116 0.573 <0.01 17.429 ± 0.903 0.0537 ± 0.0026 360 ± 18 U-Pb 
CH01-6.1 e,osc,pr,fr 288 221 0.767 <0.01 18.420 ± 0.353 0.0511 ± 0.0019 341 ± 6 U-Pb 
CH01-7.1 e,osc,pr,fr 1119 768 0.686 <0.01 18.376 ± 0.568 0.0532 ± 0.0015 342 ± 10 U-Pb 
CH01-8.1 e,osc,pr,fr 166 72 0.431 <0.01 18.517 ± 1.052 0.0536 ± 0.0034 339 ± 19 U-Pb 
CH01-9.1 e,osc,pr,fr 162 142 0.873 <0.01 19.006 ± 0.952 0.0524 ± 0.0030 331 ± 16 U-Pb 
CH01-10.1 e,osc,pr,fr 116 138 1.192 <0.01 19.289 ± 0.495 0.0528 ± 0.0034 326 ± 8 U-Pb 
CH01-11.1 e,osc,ov,fr 321 167 0.520 <0.01 18.715 ± 0.428 0.0534 ± 0.0020 336 ± 7 U-Pb 
CH01-12.1 e,osc,pr,fr 135 73 0.543 <0.01 17.166 ± 0.424 0.0545 ± 0.0025 365 ± 9 U-Pb 
CH01-13.1 e,osc,pr,r 111 52 0.472 0.01 17.539 ± 0.539 0.0500 ± 0.0049 357 ± 11 U-Pb 
CH01-15.1 e,osc,pr,fr 134 66 0.492 <0.01 18.124 ± 0.449 0.0548 ± 0.0020 346 ± 8 U-Pb 
CH01-16.1 e,osc,pr,fr 273 126 0.463 <0.01 25.409 ± 0.593 0.0485 ± 0.0019 249 ± 6 U-Pb 
CH01-17.1 m,osc,pr,fr 175 87 0.497 <0.01 17.845 ± 0.444 0.0509 ± 0.0024 351 ± 9 U-Pb 
CH01-19.1 o,osc,pr,fr 197 165 0.834 <0.01 21.191 ± 0.790 0.0523 ± 0.0017 297 ± 11 U-Pb 
CH01-20.1 e,osc,pr,fr 222 108 0.487 <0.01 18.077 ± 0.535 0.0513 ± 0.0031 347 ± 10 U-Pb 
CH01-21.1 e,osc,pr,fr 192 248 1.288 <0.01 20.928 ± 0.642 0.0505 ± 0.0024 301 ± 9 U-Pb 
CH01-22.1 e,osc,pr,fr 203 106 0.523 <0.01 18.006 ± 0.482 0.0543 ± 0.0031 348 ± 9 U-Pb 





CH01-23.1 e,osc,pr,fr 509 433 0.852 <0.01 17.135 ± 0.509 0.0527 ± 0.0008 366 ± 11 U-Pb 
CH01-24.1 e,osc,ov,r 142 93 0.655 <0.01 18.393 ± 0.537 0.0522 ± 0.0032 341 ± 10 U-Pb 
CH01-25.1 e,osc,pr,fr 901 631 0.700 <0.01 21.267 ± 0.458 0.0521 ± 0.0009 296 ± 6 U-Pb 
CH01-26.1 e,osc,pr,fr 246 192 0.779 <0.01 25.331 ± 0.622 0.0518 ± 0.0015 250 ± 6 U-Pb 
CH01-27.1 e,osc,pr,fr 961 822 0.855 <0.01 19.078 ± 0.508 0.0528 ± 0.0008 329 ± 9 U-Pb 
CH01-28.1 e,osc,ov,r 158 106 0.669 <0.01 18.443 ± 0.456 0.0538 ± 0.0015 340 ± 8 U-Pb 
CH01-34.1 e,osc,pr,fr 150 78 0.517 <0.01 17.983 ± 0.522 0.0540 ± 0.0019 349 ± 10 U-Pb 
CH01-35.1 e,osc,pr,fr 348 163 0.467 <0.01 25.244 ± 0.684 0.0499 ± 0.0012 250 ± 7 U-Pb 
CH01-38.1 e,osc,pr,fr 171 139 0.812 <0.01 20.347 ± 0.564 0.0499 ± 0.0033 309 ± 8 U-Pb 
CH01-40.1 e,osc,ov,fr 128 109 0.853 <0.01 19.112 ± 0.544 0.0542 ± 0.0023 329 ± 9 U-Pb 
CH01-55.1 e,osc,pr,fr 243 139 0.572 <0.01 18.577 ± 0.669 0.0509 ± 0.0020 338 ± 12 U-Pb 
CH01-56.1 m,osc,pr,fr 98 101 1.033 < 0.01 20.014 ± 0.503 0.0498 ± 0.0032 314 ± 8 U-Pb 
CH01-58.1 e,osc,pr,fr 166 209 1.259 <0.01 18.164 ± 0.462 0.0509 ± 0.0023 345 ± 9 U-Pb 
CH01-59.1 e,osc,pr,fr 157 84 0.532 <0.01 17.446 ± 0.498 0.0531 ± 0.0023 359 ± 10 U-Pb 
CH01-60.1 e,osc,pr,fr 150 81 0.537 <0.01 17.857 ± 0.541 0.0516 ± 0.0020 351 ± 10 U-Pb 
CH01-61.1 e,osc,pr,fr 171 159 0.932 <0.01 20.913 ± 0.596 0.0530 ± 0.0028 301 ± 8 U-Pb 
CH01-63.1 e,osc,ov,fr 119 60 0.501 <0.01 12.391 ± 0.361 0.0522 ± 0.0025 500 ± 14 U-Pb 
CH01-64.1 e,osc,pr,fr 99 49 0.492 <0.01 18.275 ± 0.521 0.0541 ± 0.0039 343 ± 10 U-Pb 





CH02 - Killick Beach, Crescent Head 
    CH02-1.1 e,osc,pr,fr 209 163 0.777 < 0.01 20.359 ± 0.645 0.0528 ± 0.0022 309 ± 10 U-Pb 
    CH02-2.1 e,osc,pr,fr 93 60 0.644 0.01 20.027 ± 0.650 0.0431 ± 0.0076 314 ± 10 U-Pb 
    CH02-3.1 e,osc,pr,fr 286 192 0.672 < 0.01 19.284 ± 0.599 0.0533 ± 0.0012 326 ± 10 U-Pb 
    CH02-4.1 e,osc,pr,fr 102 52 0.508 < 0.01 17.527 ± 0.598 0.0571 ± 0.0098 358 ± 12 U-Pb 
    CH02-5.1 e,osc,pr 64 26 0.405 < 0.01 18.329 ± 0.767 0.0556 ± 0.0074 342 ± 14 U-Pb 
    CH02-6.1 e,osc,eq,fr 396 308 0.779 < 0.01 21.326 ± 0.593 0.0530 ± 0.0011 295 ± 8 U-Pb 
    CH02-6.2 e,osc,eq,fr 432 354 0.818 < 0.01 20.952 ± 0.413 0.0528 ± 0.0023 301 ± 6 U-Pb 
    CH02-7.1 e,osc,pr,fr 133 106 0.796 < 0.01 15.998 ± 0.494 0.0548 ± 0.0023 391 ± 12 U-Pb 
    CH02-8.1 m,osc,ov,fr 132 72 0.543 < 0.01 17.624 ± 0.603 0.0532 ± 0.0023 356 ± 12 U-Pb 
    CH02-9.1 e,osc,ov,fr 361 151 0.418 < 0.01 8.087 ± 0.260 0.0639 ± 0.0035 752 ± 23 U-Pb 
   CH02-10.1 e,osc,pr,fr 261 238 0.909 < 0.01 19.512 ± 0.809 0.0525 ± 0.0045 322 ± 13 U-Pb 
   CH02-11.1 e,osc,pr 414 83 0.201 < 0.01 14.710 ± 0.442 0.0554 ± 0.0016 424 ± 12 U-Pb 
   CH02-12.1 e,osc,ov,fr 84 64 0.766 < 0.01 18.666 ± 0.647 0.0559 ± 0.0028 336 ± 11 U-Pb 
   CH02-13.1 e,osc,pr 262 174 0.663 < 0.01 18.139 ± 0.745 0.0551 ± 0.0026 346 ± 14 U-Pb 
   CH02-14.1 e,osc,pr,fr 247 241 0.976 < 0.01 19.753 ± 0.618 0.0548 ± 0.0022 318 ± 10 U-Pb 
   CH02-15.1 e,osc,pr,fr 1229 606 0.493 < 0.01 18.970 ± 0.702 0.0539 ± 0.0006 331 ± 12 U-Pb 




   CH02-16.1 e,osc,pr,fr 808 258 0.319 < 0.01 18.396 ± 0.465 0.0533 ± 0.0009 341 ± 8 U-Pb 
   CH02-17.1 m,osc,ov,fr 164 93 0.565 <0.01 21.104 ± 0.741 0.0505 ± 0.0030 298 ± 10 U-Pb 
   CH02-18.1 e,osc,pr,fr 965 1021 1.058 < 0.01 20.590 ± 0.555 0.0525 ± 0.0007 306 ± 8 U-Pb 
   CH02-19.1 e,osc,pr,fr 139 53 0.383 < 0.01 17.512 ± 0.449 0.0547 ± 0.0020 358 ± 9 U-Pb 
   CH02-20.1 e,osc,pr,fr 609 370 0.607 < 0.01 18.793 ± 0.660 0.0516 ± 0.0014 334 ± 11 U-Pb 
   CH02-21.1 e,osc,pr,fr 432 240 0.556 < 0.01 19.155 ± 0.805 0.0550 ± 0.0013 328 ± 13 U-Pb 
   CH02-22.1 e,osc,pr,fr 563 306 0.544 < 0.01 19.042 ± 0.624 0.0529 ± 0.0008 330 ± 11 U-Pb 
   CH02-23.1 e,osc,ov,r 159 217 1.364 < 0.01 18.935 ± 0.553 0.0524 ± 0.0120 332 ± 9 U-Pb 
   CH02-24.1 e,osc,pr 69 95 1.390 < 0.01 21.674 ± 0.929 0.0501 ± 0.0058 291 ± 12 U-Pb 
   CH02-24.2 e,osc,pr 86 124 1.437 < 0.01 20.817 ± 0.779 0.0521 ± 0.0087 302 ± 11 U-Pb 
   CH02-25.1 e,osc,pr,fr 399 285 0.714 < 0.01 19.449 ± 0.562 0.0540 ± 0.0015 323 ± 9 U-Pb 
   CH02-26.1 e,osc,pr,r 427 297 0.695 < 0.01 19.339 ± 0.566 0.0523 ± 0.0013 325 ± 9 U-Pb 
   CH02-27.1 e,osc,pr,fr 169 102 0.603 < 0.01 17.240 ± 0.395 0.0567 ± 0.0017 363 ± 8 U-Pb 
   CH02-28.1 e,osc,pr,fr 187 186 0.995 0.01 18.220 ± 1.813 0.0472 ± 0.0053 344 ± 33 U-Pb 
   CH02-29.1 e,osc,pr,fr 174 100 0.577 0.01 19.719 ± 0.730 0.0507 ± 0.0047 319 ± 12 U-Pb 
   CH02-30.1 e,osc,ov,fr 188 89 0.473 < 0.01 17.796 ± 0.420 0.0534 ± 0.0028 352 ± 8 U-Pb 
   CH02-30.2 e,osc,ov,fr 360 404 1.123 < 0.01 21.682 ± 1.632 0.0532 ± 0.0020 291 ± 21 U-Pb 
   CH02-31.1 e,osc,pr,fr 380 364 0.959 < 0.01 20.298 ± 0.884 0.0544 ± 0.0021 310 ± 13 U-Pb 
   CH02-32.1 e,osc,pr,fr 249 210 0.847 < 0.01 19.255 ± 0.726 0.0539 ± 0.0028 326 ± 12 U-Pb 
   CH02-33.1 e,osc,pr,fr 690 325 0.472 < 0.01 15.350 ± 0.574 0.0541 ± 0.0015 407 ± 15 U-Pb 
   CH02-35.1 e,osc,pr,fr 897 586 0.654 < 0.01 25.427 ± 1.930 0.0526 ± 0.0023 249 ± 19 U-Pb 
   CH02-35.2 e,osc,pr,fr 864 383 0.443 < 0.01 24.789 ± 0.676 0.0497 ± 0.0016 255 ± 7 U-Pb 
   CH02-36.1 e,osc,pr,fr 147 58 0.396 < 0.01 17.812 ± 0.531 0.0537 ± 0.0020 352 ± 10 U-Pb 
   CH02-38.1 m,osc,ov,fr 522 184 0.353 < 0.01 2.350 ± 0.088 0.1476 ± 0.0021 2286 ± 72 U-Pb 




   CH02-39.1 m,osc,pr,fr 190 126 0.662 < 0.01 18.278 ± 0.501 0.0539 ± 0.0031 343 ± 9 U-Pb 
   CH02-41.1 e,osc,pr,fr 420 333 0.794 < 0.01 19.658 ± 0.706 0.0520 ± 0.0024 320 ± 11 U-Pb 
   CH02-43.1 m,osc,pr,fr 458 262 0.573 < 0.01 18.998 ± 0.734 0.0514 ± 0.0019 331 ± 12 U-Pb 
   CH02-44.1 e,osc,pr,fr 233 120 0.516 < 0.01 18.737 ± 0.454 0.0529 ± 0.0014 335 ± 8 U-Pb 
   CH02-46.1 e,osc,pr,fr 225 166 0.739 < 0.01 19.578 ± 0.521 0.0522 ± 0.0026 321 ± 8 U-Pb 
   CH02-48.1 e,osc,pr,fr 442 245 0.554 < 0.01 19.285 ± 0.498 0.0542 ± 0.0017 326 ± 8 U-Pb 
   CH02-50.1 m,osc,pr,fr 199 121 0.607 0.01 15.171 ± 0.343 0.0581 ± 0.0044 412 ± 9 U-Pb 
   CH02-52.1 m,osc,pr,fr 473 367 0.776 < 0.01 19.034 ± 0.427 0.0540 ± 0.0010 330 ± 7 U-Pb 
   CH02-53.1 e,osc,pr,fr 355 190 0.535 < 0.01 24.399 ± 0.813 0.0524 ± 0.0015 259 ± 8 U-Pb 
   CH02-53.2 e,osc,pr,fr 205 110 0.536 < 0.01 26.240 ± 1.185 0.0511 ± 0.0035 241 ± 11 U-Pb 
   CH02-54.1 e,osc,pr,fr 371 318 0.858 < 0.01 18.109 ± 0.491 0.0547 ± 0.0013 347 ± 9 U-Pb 
   CH02-55.1 m,osc,pr,fr 151 88 0.580 < 0.01 16.771 ± 0.455 0.0530 ± 0.0020 373 ± 10 U-Pb 
   CH02-56.1 m,osc,pr,fr 35 23 0.653 < 0.01 17.068 ± 0.501 0.0531 ± 0.0060 367 ± 10 U-Pb 
   CH02-57.1 m,osc,pr,fr 156 76 0.483 < 0.01 16.381 ± 2.671 0.0530 ± 0.0037 382 ± 61 U-Pb 
   CH02-58.1 m,osc,pr,fr 228 145 0.636 < 0.01 18.287 ± 0.396 0.0534 ± 0.0017 343 ± 7 U-Pb 
























data-point error crosses are 1s
Fig. 3.6a – Sample CH01 – Crescent Head sequence. Tera-Wasserburg plot. 


















data-point error crosses are 1s
Fig. 3.6b – Sample CH02 – Crescent Head sequence. Tera-Wasserburg plot. 
Diagram produced by A.Nutman 
256.94 ± 7.6 Ma 
95% Confidence 
MSDW = 0.51 
249.63 ± 6.1 Ma 
95% Confidence 
MSDW = 0.51 
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3.6 – RESULTS 
Point Plomer sequence (PP01) 
PP01 (bottom of sequence) 
Thirteen analyses were untaken on 8 zircons. Nearly all of the zircons from PP01 
plot very close or on concordia at the 2σ level, and most at the 1σ level, indicating 
minimal disturbance to the isotopic system. Two distinct age populations were 
indicated, one broad Carboniferous age (~340 – 310 Ma), and the second (confirmed 
with duplicate analyses on the grains), is a Permian population age (~270 – 250 Ma) 
(Tab.3.8). The Permian population gives a weighted mean 206Pb/238U age of 255.9 ± 


















255.92 ± 7.5 Ma 
95% Confidence 
MSDW = 0.51 
data-point error crosses are 1s 
Fig. 3.6c – Sample PP01 – Point Plomer sequence. Tera-Wasserburg plot. 
Diagram produced by A.Nutman 
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PP01 - Queens Head Beach, Point Plomer 
    PP01-1.1 m,osc,pr, fr 279 227.0 0.814 < 0.01 19.791 ± 0.450 0.0501 ± 0.0023 318 ± 7 U-Pb 
    PP01-1.2 m,osc,pr, fr 231 154.3 0.668 < 0.01 20.649 ± 0.708 0.0526 ± 0.0014 305 ± 10* U-Pb 
    PP01-2.1 e,osc,pr,fr 106 63.7 0.600 < 0.01 21.112 ± 1.219 0.0540 ± 0.0048 298 ± 17* U-Pb 
    PP01-2.2 e,osc,pr,fr 97 65.5 0.672 0.01 20.036 ± 0.913 0.0487 ± 0.0094 314 ± 14 U-Pb 
    PP01-3.1 m,osc,r, fr 537 318.1 0.592 < 0.01 23.199 ± 0.571 0.0509 ± 0.0013 272 ± 7 U-Pb 
    PP01-3.2 m,osc,r, fr 260 171.1 0.658 < 0.01 25.215 ± 1.015 0.0448 ± 0.0046 251 ± 10* U-Pb 
    PP01-4.1 e,osc,pr,r 199 96.5 0.484 < 0.01 19.041 ± 0.512 0.0542 ± 0.0013 330 ± 9 U-Pb 
    PP01-4.2 e,osc,pr,r 200 96.5 0.481 < 0.01 19.614 ± 0.510 0.0540 ± 0.0018 321 ± 8* U-Pb 
    PP01-5.1 e,osc,ov,r 483 260.8 0.540 < 0.01 24.221 ± 0.548 0.0516 ± 0.0013 261 ± 6 U-Pb 
    PP01-5.2 e,osc,ov 231 90.2 0.391 < 0.01 29.069 ± 0.612 0.0529 ± 0.0029 218 ± 5 U-Pb 
    PP01-6.1 m,osc,ov,fr 153 136.2 0.891 < 0.01 19.515 ± 0.654 0.0433 ± 0.0038 322 ± 11 U-Pb 
    PP01-6.2 e,osc,ov,fr 583 856.0 1.467 < 0.01 18.315 ± 0.455 0.0514 ± 0.0013 343 ± 8 U-Pb 
    PP01-7.1 m,osc,pr,fr 345 186.3 0.541 < 0.01 24.662 ± 0.661 0.0523 ± 0.0015 256 ± 7 U-Pb 
Tab. 3.8 – CH02 analysis, m= middle, e = edge, pr = prismatic, fr = fragment, osc = oscillatory zoned, ov = oval, r = rounded. Colour – duplicate. 
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Fig. 3.6d – PP01 – Point Plomer sequence – Cumulative Gaussian Plot. Diagram produced by A.Nutman 




Fig. 3.6e – CH02 – Crescent Head sequence – Cumulative Gaussian Plot. Diagram produced by A.Nutman 









Fig. 3.6f – CH01 – Crescent Head sequence – Cumulative Gaussian Plot. Diagram produced by A.Nutman 
















data-point error crosses are 1s
Fig. 3.6g – All samples – Crescent Head & Point Plomer sequences. Tera-Wasserburg plot. 






3.7 – ANALYSIS & INTERPRETATION 
All samples showed the same age components but not in the same proportions. 
There is a distinct trend of two difference age populations. The first is Carboniferous 
(~350 – 300 Ma). It is interpreted the Carboniferous zircons are sourced from 
Carboniferous felsic igenous activity associated with the Tamworth Belt (Currabubula 
Arc) (Murray 1987). 
The second, younger population consists comprises of latest Permian zircons (~252 
Ma), confirmed with duplicated analyses and results. It has been interpreted these 
zircons are also derived from a volcanic source of the Bundarra, Hillgrove or Moonbi 
suites. The morphology of these Permian zircons, i.e., small, euhedral oscillatory 
zoned, indiicates a volcanic rather than putonic source, sugesting that only the 
Permian, near-surface volcanics were being eroded into the depocentre at Crescent 
Head and that the deeper level granites had yet to be unroofed. The youngest 
Fig. 3.6h – All samples (Unfiltered) – Cumulative Gaussian Plot. Diagram produced by A.Nutman 
(NB – where duplicate results have been undertaken on one grain, only one analysis was plotted.) 
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population of detrital zircons within a sedimentary rock constrains the maximum 
depositional age. Therefore, the sedimentary sequences at both Crescent Head and 
Point Plomer are uppermost Permian (Changhsingian) or 253.7 ± 4.6 Ma, MSDW = 
0.51 at 95% confidence. 
A few older zircons, inherited from the Gondwanan continent, ranging from the 
Palaeoproterozoic to the Devonian are present in the Crescent Head samples. Also 
present in the unfiltered results is a single analysis at ~210 Ma (Fig.3.6h). This is a 
disturbed Permian zircon grain, as demonstrated by the duplicate analysis (Sample: 
PP01, Grain: 5.1 – 5.2) (Tab.3.8), and therefore does not represent an accurate 
estimate of depositional age. 
In addition, the new uppermost Permian age constrains placed upon both the 
Crescent Head and Point Plomer sequences confirm the previously assigned broad 
age constraints by Aitchison (1990) and Roberts (1995) to the Tablelands Complex 
and Aniawan terrane (assigned Carboniferous – Permian age) and Birpai terrane 
(assigned late Devonian – Permian age) by Roberts (1995).  
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CHAPTER 4 – FIELD RELATIONS 
 
4.1 – INTRODUCTION 
 
The deep-marine turbidite beds that make up the Crescent Head and Point Plomer 
sequences have undergone only one phase of deformation (Shaanan 2014). This 
chapter is designed to identify and determine the orientation of folded strata, 
younging directions of sedimentary sequences, palaeocurrent indicators (ripples) 
and stratigraphic position of collected samples. 
Palaeocurrent indicators are geological features (sedimentary structures) that help 
determine the direction of flowing water in the geological past. Palaeocurrent 
indicators assist in the reconstruction of ancient depositional environments. 
Palaeocurrent indicators are one of two types: unidirectional, which indicate one 
clear direction of flow, and bidirectional, which provide good linear direction, but 
direction of flowing water is unknown. Palaeocurrent indicators are one of four 
geological features: cross bedding, current ripple marks, sole markings/flute casts or 
imbrication (Prothero 1996). 
All previous geological and structural descriptions assigned to the Crescent Head 
and Point Plomer sequences have been based upon comparisons with, or 
similarities to, other units with stronger stratigraphic and structural controls. As such, 
this project will provide the first detailed stratigraphic and structural maps of the Point 
Plomer and Crescent Head sequences (Aitchison 1990, Roberts 1995). 
 
4.2 – METHODOLOGY 
 
Standard field mapping techniques were applied to copies of 1:100,000 and 
1:200,000 scale aerial photos for Killick and Pebbly Beach, Crescent Head and then 
digitised using the GIS program ‘ArcMap10’. Bedding, strike/dip readings and 
collection sites were recorded digitally using the ‘AndroSensor’ application on a 










Fig. 4.1 – Digitised scan of 1:100,000 Crescent Head field map. 
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Fig. 4.2 – Digital map of 1:200,000 Crescent Head map. Created using ArcMap10. 
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4.3 – RESULTS 
 
Broadly, the southern portion of the study area, i.e. south of Crescent Head 
(APPENDIX G: Queens Head Beach – Racecourse Head) is composed of mafic-
derived, juvenile lithic arkose sandstones of the ‘Boonanghi Beds’ (Roberts 1995). In 
contrast, the northern portion of the study area, i.e. north of Racecourse Head 
(APPENDIX G: Goolawah Beach – Killick Beach) is composed of mature, quartz-rich 
feldspathic litharenite, sandstones of the ‘Crescent Head sediments’. 
At Killick Beach and Pebbly Beach, Crescent Head, the units strike in a NE-SW 
(045° - 225°) trend, and dip between 20° and 35° to the NW.  At minor kink fold was 
observed at the southern end of Pebbly Beach (Fig. 4.2). Several small ripple, 
palaeoflow indicators were found on the surface of massive sandstone with an 
approximate orientation towards the NE (045°). Due to the nature of the dip of the 
bedding, there appears to be a ‘younging trend’ from east to west across the 
sequence. Samples CH01, CH01-a, CH02, and samples AB01 – AB14 and AB19 
were collected from this location. Killick Beach and Pebbly Beach mark the top of the 
sedimentary sequences from Crescent Head to Point Plomer. Samples AB15 – 
AB18 were collected from the bottom of the Crescent Head sequence at Goolawah 
Beach (APPENDIX G). 
At Goolawah Beach, the units strike in a similar NE-SW trend, and dip between 20° 
and 24°. There are no palaeoflow indicators present in this portion of the Crescent 
Head sequence. Due to the dip of the bedding, there is a younging trend from east to 
west across the bottom part of the Crescent Head sequence. Samples AB15 – AB18 
were collected from this locality (APPENDIX G). 
At Racecourse Head, compositionally the sediment is now mapped as the ‘mafic-
derived Boonanghi Beds’, and this is reflected across the outcrop.  The units of the 
top of the Point Plomer sequence strike in an E-W (090° - 270°), and dip between 
30° and 40° to the N.  No palaeoflow indicators were present within the top of the 
Point Plomer sequence. Due to the dip of the bedding, there is a younging trend from 
south to north across this sequence. Samples PP08-a and PP08-b were collected 
here (APPENDIX G). 
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At Limeburners’ Creek, compositionally the sediment is juvenile, lithic arkose 
sandstones of the Boonanghi Beds. The units of this portion of the Point Plomer 
sequence strike in an ENE-WSW trend, and dip between 30° and 40° to the NNW. 
No palaeoflow indicators were observed, and due to the dip of the bedding, there is 
younging trend from SSW to NNE. Sample PP07 was collected here (APPENDIX G). 
At Point Plomer, compositionally the sediment is juvenile, lithic arkose sandstones of 
the Boonanghi Beds. The units of Point Plomer strike in a NW-SE (315° - 135°) trend 
and dip 10° and 15° to the NE. No palaeoflow indicators were observed. Due to the 
dip of the bedding, there is a younging trend from SE to NW across the outcrops. 
Samples PP06-a – PP06-c were collected at this locality (APPENDIX G). 
At Back Beach and Queens Head Beach, compositionally the sediment is juvenile, 
lithic arkose sandstones and shales of the Boonanghi Beds. The units of Back Beach 
and Queens Head beach strike in a NW-SE (315° - 135°) and dip between 10° and 
15° to the NE. No palaeoflow indicators were observed and mark the very bottom of 
the sedimentary sequences of Crescent Head and Point Plomer.  Due to the dip of 
the bedding, there is a younging trend from SW – NE across the outcrops. Samples 
PP01 – PP05 were collected from these locations. 
 
4.4 – INTERPRETATION 
 
The northern portion of the study area, i.e. the Crescent Head sequence is 
composed of mature, quartz-rich, feldspathic litharenite sandstones of the Crescent 
Head sediments (Roberts 1995). The southern portion of the study area, i.e. the area 
south of Goolawah Beach is composed of mafic-derived, juvenile lithic arkose 
sandstones of the Boonangi Beads (Aitchison 1990). 
The difference between each of the sedimentary sequences are clearly seen in the 
change of composition from the bottom of the Point Plomer sequence, to the top of 
the Crescent Head sequence. This supports the idea the Crescent Head and Point 
Plomer sequences are derived from two distinctly different tectonic settings, both 
eroding into the same to nearby depocentres. 
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CHAPTER 5 – PETROGRAPHY 
 
5.1 – INTRODUCTION 
 
This chapter utilises the method of petrographic analysis and descriptive work in 
order to provide data for classification discrimination (QFR – quartz, feldspar, rock 
fragments) and tectonic discrimination (QFL – quartz, feldspar, lithic fragments) of 
samples collected in nine locations acting as representative samples for the outcrops 
from Queens Head Beach, Point Plomer to Killick Beach, Crescent Head.  
5.1a - SEDIMENTARY CLASSIFICATION, Q-F-R Ternary Diagrams 
Sedimentary rocks can provide an insight into the tectonic formation and history, 
orogenic setting and compositional makeup to provide an indicator signature towards 
possible previous provenance of sediment, regardless of their present state. 
Utilising these signatures towards the application of a more detailed classification of 
the type of sandstone and postulating the possible origin and provenance of 
sediment has become an invaluable tool in sedimentary geological studies. 
Initially, as a way to more definitively describe and classify sandstones, taking into 
account several major influential factors, various classification systems were 
proposed in the period between the 1950s and 70’s by Folk (1974), Pettijohn (1954) 
and McBride (1963). These proposed models of classification took into account the 
major influential factors (source rock composition, chemical weathering, climate, 
transport burial and diagenesis) (Peterson 2009), and then added individual factors 
such as ratios between matrix and detrial grains (Pettijohn 1954), texture and 






























The classifcations scheme of McBride (1963) is used for this study as this model is 
reliant on the counting of grains in an indiscriminant nature and does not need to 
take into account accurate measurements of the amount of matrix within a sample.  
 
Fig. 5.1 – Folk Classification 
Fig. 5.3 – McBride Classification Model Used. 
Fig. 5.2 – Pettijohn Classification 
80 
 
5.1b – PROVENANCE ANALYSIS, Q-F-L / QM-F-LT TERNARY DIAGRAMS 
Provenance studies of the detrital and mineralogical framework of sandstones can 
provide particular signatures which provide an indicator to their previous orogenic-
tectonic setting, regardless of their present setting (Dickinson 1979). The use of 
ternary diagrams, and plotting particular constituent minerals in each corner (Q-F-L 
and Qm-F-Lt) permit a more precise, and more successful model to distinguish 
between key provenance types. The model proposed by Dickinson (1979) utilises 
ancient inferred  modern analogue sediments from deep-marine, marine and 
terrestrial sedimentary outcrops to determine reliable ranges for provenance studies, 
to be then applied to ancient sedimentary outcrops in order to help differentiate 
between key provenance settings. 
 
10.2 – METHODOLOGY 
Thirty-four samples were collected for the purposes of petrographic analysis, and 
thirty-two of these samples were prepared and used to create standard thin sections 
at the University of Wollongong for standard petrographic descriptions and for the 
purpose of point counting to produce QFL ‘Dickinson’ discrimination 
diagrams.Standard procedures were used to create thin sections for petrography. 
Sample analysis was conducted using a ‘Leitz LABORUX 11 POL’ and ‘Leica DM 
2500 P’ polarising microscopes. Samples were analysed using plain-polarised, 
cross-polarised and reflective light settings. Images (PPL – plane polarised and XPL 
Fig. 5.4 – (Dickinson 1979) conceptual ‘QFL’ and ‘QmFLt’ ternary diagrams 
utilised for this study. 
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– cross-polarised) of each sample were taken using a ‘Leica DFC 400’ model 
camera. Descriptions based upon observation of thin section are provided in detail in 
APPENDIX C. 
Classification discrimination (quartz-feldspar-rock fragments – ‘QFR’) and tectonic 
discrimination (quartz-feldspar-lithic fragments – ‘QFL’) point counting were 
conducted using the ‘Swift, MODEL F’ electronic counter with an attached slide 
advance mechanism. As the counter advanced, the grain under the cross-hairs of 
the microscope is designated a number and counted electronically.  
Point counting of thirty-two samples was undertaken for both QFL and QFR analysis. 
Samples were prescribed either 400 and 500 total counts, as outlined by (Dickinson 
1979), and dependency of the lithology of the sample i.e, mudstones – no count, 
siltstones and sandstones – 500 total counts, conglomerates – 400 total counts and 
the quality of the sample, i.e, damaged or small samples were designated total 
counts to 400.  
 
5.2 – SAMPLE GROUPINGS 
 
The thirty-four samples collected were designated groupings dependent on their 
location, proximity to the two main sites studied and field descriptions. The Crescent 
Head sequence consisted of samples collected at Killick Beach, Pebbly Beach North 
and South as well as Goolawah Beach North, as these samples displayed very 
similar in-field characteristics and lithologies. Similarly, the Point Plomer sequence 
consisted of samples collected at Queens Head Beach, Back Beach, Point Plomer, 
Limeburners’ Creek and Racecourse Head, as these samples shared similar field 
characteristics and lithologies. 
The Crescent Head sequence consists of 23 samples with the sample codes AB01 – 
AB19 and CH01 – CH02. The Point Plomer sequence consists of samples with the 










Sample Site Coordinates Location Name Rock Type - QFR Classification 
AB01 152°59’2.19” E,  31°11’10.1” S Killick Beach Sandstone - Sub Lithic-Arkose 
AB02 152°59’2.19” E,  31°11’12.87” S Pebbly Beach (Nth) Sandstone - Feldspathic Litharenite 
AB03 152°59’0.36” E,  31°11’12.00” S Pebbly Beach (Nth) Conglomerate - Feldspathic Litharenite 
AB04 152°59’0.45” E,  31°11’12.14” S Pebbly Beach (Nth) Sandstone - Sub Lithic-Arkose/Feldspathic Litharenite 
AB05 152°59’0.50” E,  31°11’11.72” S Pebbly Beach (Nth) Mudstone/Siltstone 
AB06 152°59’1.01” E,  31°11’12.65” S Pebbly Beach (Nth) Conglomerate 
AB07 152°59’1.73” E,  31°11’12.75” S Pebbly Beach (Nth) Silty Sandstone - Sub Lithic-Arkose 
AB08 152°58’55.89” E,  31°11’17.85” S Pebbly Beach (Sth) Sandstone 
AB09 152°58’56.21” E,  31°11’19.36” S Pebbly Beach (Sth) Sandstone - Feldspathic Litharenite 
AB10-a 152°58’55.99” E,  31°11’18.91” S Pebbly Beach (Sth) Sandstone - Feldspathic Litharenite 
AB10-b 152°58’56.21” E,  31°11’18.81” S Pebbly Beach (Sth) Sandstone - Lithic Arkose 
AB11 152°58’55.70” E,  31°11’18.29” S Pebbly Beach (Sth) Sandstone 
AB12 152°59’3.09” E,  31°11’11.99” S Pebbly Beach (Nth) Sandstone - Lithic Arkose 
AB13 152° 59’3.09” E,  31°11’11.45” S Pebbly Beach (Nth) Sandstone - Sub Lithic-Arkose 
AB14 152°59’3.25” E,  31°11’10.78” S Pebbly Beach (Nth) Sandstone - Sub Lithic-Arkose 
AB15 152°58’36.5” E,  31°11’45.66” S Goolawah Beach (Nth) Sandstone - Lithic Arkose 
AB16 152°58’37.35” E,  31°11’46.02” S Goolawah Beach (Nth) Sandstone - Feldspathic Litharenite 
AB17 152° 58’38.34” E,  31°11’46.60” S Goolawah Beach (Nth) Sandstone - Lithic Arkose 
AB18 152°58’25.45” E,  31°11’57.30” S Goolawah Beach (Nth) Silty Sandstone - Lithic Arkose 
AB19 152°59’0.75” E,  31°11”12.49” S Pebbly Beach (Nth) Conglomerate - Feldspathic Litharenite 
        
CH01 152°59’2.19” E,  31°11’10.10” S Killick Beach Sandstone - Feldspathic Litharenite 
CH01-a 152°59’2.19” E,  31°11’12.87” S Killick Beach Sandstone - Feldspathic Litharenite 
CH02 152°59’0.23” E,  31°11’9.83” S Killick Beach Sandstone - Sub Lithic-Arkose 
        
PP01 152°58’18.22” E,  31°19’16.57” S Queens Head Beach Sandstone/Shale - Lithic Arkose 
PP02 152°58’17.61” E,  31°19’14.20” S Queens Head Beach Sandstone/Shale - Lithic Arkose 
PP03 152°58’22.19” E,  31°19’3.73” S Back Beach Sandstone/Shale - Lithic Arkose 
PP04 152°58’25.07” E,  31°19’3.14” S Back Beach Sandstone/Shale - Lithic Arkose 
PP05 152°58’26.90” E,  31°18’52.48”  S Back Beach Siltstone/Mudstone - Lithic Arkose 
PP06-a 152°58’21.47” E,  31°18’41.15” S Point Plomer Sandstone w. Mudstone - Lithic Arkose 
PP06-b 152°58’20.15” E,  31°18’40.85” S Point Plomer Mudstone 
PP06-c 152°58’19.10” E,  31°18’41.42” S Point Plomer Sandstone - Lithic Arkose 
PP07 152°58’11.01”E,  31°16’42.26” S Limeburners' Creek Sandstone - Lithic Arkose 
PP08-a 152°57’49.92” E,  31°15’2.93” S Racecourse Head Siltstone/Mudstone - Lithic Arkose 
PP08-b 152°57’49.55” E,  31°15’2.78” S Racecourse Head Sandstone - Lithic Arkose 
        
  indicates sample was lost.     
Table 5.1 – Sample List, Coordinates are in GCS WGS 1984 setting 
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5.3 – SEDIMENTARY CLASSIFICATION 
The thirty-four samples collected for this study were described briefly in the field and 
given a general classifcation based upon the grain size (conglomerate, sandstone, 
siltstone, mudstone) and possible provenance, i.e. composition of the clasts.  
Each sample was described based upon mineralogical and non-mineralogical 
components of each thin section, including: extinction angles, crystal habit, twinning 
properties, matrix present, possible textures and secondary mineralisation features. 
A detailed description of each sample, as well as associated classification are listed 











































Fig. 5.5 – Feldspathic Litharenite sandstones from Crescent Head in cross-polarised light. 
A – Feldspathic Litharenite, B – Feldspathic Litharenite, C – Sub Lithic-Arkose, D – Sub Lithic-Arkose, E – Feldspathic 


























Fig. 5.6 – Lithic Arkose sandstones from Crescent Head in cross-polarised light. 
G – Sub Lithic Arkose/ Feldspathic Litharenite, H – Siltstone/Mudstone, I – Granule conglomerate, J – Sub Lithic-
Arkose, K – Feldspathic Litharenite, L- Feldspathic Litharenite. 

































































Fig. 5.7 – Lithic Arkose sandstones from Crescent Head in cross-polarised light. 
M – Lithic Arkose, N – Lithic Arkose, O – Sub Lithic-Arkose, P – Lithic Arkose / Sub Lithic-Arkose, Q – Lithic Arkose, R 
– Feldspathic Litharenite. 




















Fig. 5.8 – Lithic Arkose sandstones from Crescent Head in cross-polarised light. 
S – Lithic Arkose, T – Lithic Arkose, U – Feldspathic Litharenite. 
 
Lith – lithic fragments, Qtz – quartz, Plg – plagioclase, Ch – chert, Mud – mud clasts  
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A complete list of sample descriptions, collection location and in-field classification 
are listed in detail in APPENDIX C. Samples are listed in stratigraphic order from top 
to sequence to the bottom of sequence. 
Crescent Head Sequence: 
CH01  
CH01 was collected at Killick Beach, and marks the very top of the stratigraphy of 
Crescent Head. Sample contains abundant quartz and lithic fragments, and 
uncommon plagioclase feldpar and radiolarian chert fragments. CH01 is a fine-
grained sandstone, with poor sorting, grain angularity range between very angular 
and rounded, while grain sphericity ranges between high and low. QFR classification 
– Feldspathic Litharenite. QFL/QmFLt discrimination – recycled orogen / quartzose 
recycled-mixed (Fig. 5.5A). 
CH01-a 
CH01-a was collected at Killick Beach, marks the top of the stratigraphy of Crescent 
Head. Sample contains abundant quarz and lithic fragments and uncommon 
plagioclase and orthoclase. CH01-a is a coarse-grained sandstone with poor sorting, 
grain angularity ranges between very angular and rounded, grain sphericity ranges 
between high and low. QFR classification – Feldspathic Litharenite, QFL/QmFLt 
discrimination – recycled orogen / mixed – transitional recycled (Fig. 5.5B). 
CH02 
CH02 was collected at Killick Beach, and is part top of the middle portion of the 
stratigraphy of Crescent Head. This sample is also part of a massive sandstone bed. 
CH02 contains abundant quartz and lithic fragments, and uncommon plagioclase 
and radiolarian chert fragments. CH02 is a very-fine to fine grained sandstone, grain 
angularity ranges between angular to sub-rounded, and grain sphericity range 
between high and low. QFR classification – Sub Lithic-Arkose, QFL/QmFLt – 
Dissected arc / dissected arc (Fig. 5.5C). 
AB05 
AB05 was collected at Pebbly Beach (northern end) and is towards the top of the 
stratigraphic sequence at Crescent Head. Sample AB05 marks the top of a bouma 
sequence bed. This sample contains abundant quartz with uncommon plagioclase, 
lithic and radiolarian chert fragments. This sample is a fine-grained siltstone-
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mudstone sequence, poorly sorted, with the grain angularity between angular to sub-
rounded with grain sphericity at low. QFR classification, QFL/QmFLt discrimination – 
N/A (Fig. 5.6H). 
AB03 
AB03 was collected at Pebbly Beach (northern end) and is part of the top of the 
stratigraphic sequence of Crescent Head. This sample also marks the bottom of a 
normal graded, massive sandstone bed. AB03 contains clasts of lithic fragments, 
chert, pyrite (uncommon), quartz, plagioclase and orthoclase. AB03 is a granule-
conglomerate with very-poor sorting, grain angularity ranges between angular to 
sub-rounded, grain sphericity is high. QFR – Feldspathic Litharenite, QFL/QmFLt – 
recycled orogen / quartzose recycled (Fig. 5.5F). 
AB04 
AB04 was collected at the northern end of Pebbly Beach, and is part of the top of the 
stratigraphic sequence of Crescent Head. Sample contains abundant quartz and 
uncommon plagioclase. AB04 is a silty-sanstone, is moderately-sorted, grain 
angularity ranges between sub-angular to sub-rounded, grain sphericity is low. QFR 
classification – Feldspathic Litharenite, QFL/QmFLt – recycled orogen / quartzose 
recycled (Fig. 5.6G). 
AB01 
AB01 was collected at KIllick Beach, and marks the top of the middle portion of the 
stratigraphy found at Crescent Head, this sample also represents a massive 
sandstone bed within the sequence. Sample AB01 contains abundant quartz and 
uncommon plagioclase, lithic fragments and radiolarian chert. This sample is very-
fine to fine-grained sandstone, with moderate-sorting, grain angularity range 
between angular and sub-rounded, and grain sphericity between high and low. QFR 
classification – Sub Lithic-Arkose, QFL / QmFLt – recycled orogen / quartzose 
recycled. (Fig. 5.5D). 
 
AB08 
AB08 was collected at the southern end of Pebbly Beach, and this sample marks the 
middle of the overall stratigraphy found at Crescent Head. This sample has contains 
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possible quartz. Sample AB08 is a dark-coloured, fine-grained sandstone. QFR 
classification and QFL/QmFLt – N/A (Sample AB08 was lost in transit.)  
AB19 
AB19 was collected at the northern end of Pebbly Beach, this sample marks the 
middle of the overall stratigraphy found at Crescent Head. This sample contains 
abundant lithic fragments, quartz and uncommon radiolarian chert and plagioclase. 
Sample AB19 is a granule-conglomerate, with poor to moderate-sorting, grain 
angularity ranges between angular to rounded and grain sphericity between medium 
and high. QFR classification – Feldspathic Litharenite, QFL/QmFLt – transitional arc 
/ transitional arc (Fig. 5.8U). 
AB11 
AB11 was collected at the southern end of Pebbly Beach, this sample marks the 
middle of the overall stratigraphy found at Crescent Head. This sample contains 
possible quartz. Sample AB11 is a dark-coloured, fine-grained sandstone. QFR 
classification, QFL/QmFLt discrimination – N/A. (Sample AB11 was lost in transit.) 
AB06 
AB06 was collected at the northern end of Pebbly Beach, this sample is marks the 
middle of the overall stratigraphy found at Crescent Head. AB06 contains abundant 
lithic fragments, mud clasts and quartz, and uncommon plagioclase and 
clinopyroxene. Sample AB06 is a granule conglomerate with mudclasts, is poorly-
sorted, grain angularity ranging between sub-rounded and rounded, with grain 
sphericity medium to high. QFR classification, QFL/QmFLt discrimination – N/A (Fig. 
5.6I). 
AB07 
Sample AB07 was collected at the northern end of Pebbly Beach, and this sample is 
part of several that mark the bottom of the middle of the overall stratigraphy of 
Crescent Head. AB07 contains abundant quartz, lithic fragments, and plagioclase, 
and uncommon radiolarian chert fragments. AB07 is a silty-sandstone, with poor to 
moderate sorting, grain angularity ranges between angular to sub-angular, and grain 
sphericity between low and moderate. QFR classification – Sub Lithic-Arkose, 




AB10-a was collected at the southern end of Pebbly Beach, stratigraphically sits 
directly above AB10-b, and this sample marks the top of the bottom portion of the 
overall stratigraphy of Crescent Head. AB10-a contains abundant quartz, radiolarian 
chert, lithic fragments and uncommon plagioclase and orthoclase. AB10-a is a fine-
grained sandstone, has poor to moderate sorting, with grain angularity between very-
angular and well-rounded, grain sphericity between high and low. QFR classification 
– Feldspathic Litharenite, QFL/QmFLt – recycled orogen / mixed (Fig. 5.6L) 
AB10-b 
AB10-b was collected at the southern end of Pebbly Beach, stratigraphically sits 
directly below AB10-a, and this sample is part of the bottom portion of the 
stratigraphy of Crescent Head. AB10-b contains abundant quartz and plagioclase, 
and uncommon lithic fragments and radiolarian chert fragments. AB10-b is a fine to 
medium-grained sandstone, has poor to moderate sorting, grain angularity ranges 
between very-angular and sub-rounded, grain sphericity between high and low. QFR 
classification – Lithic Arkose, QFL/QmFLt – dissected arc / dissected arc (Fig. 5.7M). 
AB14 
AB14 was collected at the northern end of Pebbly Beach, and marks part of the 
bottom portion of the overall stratigraphy found at Crescent Head. AB14 contains 
abundant quartz, lithic fragments and uncommon plagioclase and radiolarian chert 
fragments. This sample is a fine-grained sandstone, with poor to moderate sorting, 
grain angularity ranging between very-angular to rounded, and grain sphericity 
between high and low. QFR classification – Sub Lithic-Arkose, QFL/QmFLt – 
recycled orogen / mixed (Fig. 5.7P). 
 
AB02 
AB02 was collected at the northern end of Pebbly Beach, and marks the bottom part 
of the overall stratigraphy found at Crescent Head. AB02 contains abundant quartz, 
lithic fragments, and uncommon radiolarian chert and plagioclase. Sample AB02 is 
very-fine grained to fine-grained sandstone, has poor to moderate sorting, grain 
angularity between very-angular and sub-rounded, and grain sphericity between high 
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and low. QFR classification – Feldspathic Litharenite, QFL/QmFLt – recycled orogen 
/ mixed (Fig. 5.5E) 
AB13 
AB13 was collected at the northern end of Pebbly Beach, and marks the bottom part 
of the overall stratigraphic sequence found at Crescent Head. AB13 contains 
abundant quartz, lithic fragments and uncommon plagioclase and radiolarian chert. 
Sample AB13 is fine to medium-grained sandstone, has poor-sorting, grain 
angularity range between very-angular and sub-rounded, and grain sphericity 
ranging between high and low. QFR classification – Sub Lithic-Arkose, QFL/QmFLt – 
recycled orogen / mixed (Fig. 5.7O). 
AB12 
AB12 was collected at the northern end of Pebbly Beach, and marks the bottomg 
portion of the overall stratigraphic sequence found at Crescent Head. Sample AB12 
contains abundant quartz, lithic fragments, and uncommon plagioclase and K-
feldspars. AB12 is a very-fine to fine-grained sandstone, with moderate to well-
sorting, grain angularity ranging between very-angular and rounded, with grain 
sphericity between high and low. QFR classification – Lithic Arkose, QFL/QmFLt – 
recycled orogen / mixed-transitional continental (Fig. 5.7N). 
AB09 
AB09 was collected at the southern end of Pebbly Beach, and highlights the bottom 
of the sequence stratigraphy (excluding samples collected at Goolawah Beach) 
found at Crescent Head. AB09 contains abundant quartz and lithic fragments and 
uncommon plagioclase, radiolarian chert, clinopyroxene and K-feldspars. Sample 
AB09 is a fine-grained sandstone, with poor to moderate-sorting, grain angularity 
ranging between very-angular and sub-rounded, and grain sphericity between high 
and low. QFR classification – Feldspathic Litharenite, QFL/QmFLt – recycled orogen 
/ mixed (Fig. 5.6K) 
AB17 
AB17 was collected at the northern end of Goolawah Beach, and marks inferred 
bottom of the stratigraphy found within the Crescent Head sequence. AB17 contains 
abundant quartz, and uncommon lithic fragments, plagioclase and radiolarian chert 
fragments. AB17 is a very-fine grained sandstone (coarse-grain siltstone) with well-
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sorting, grain angularity between very-angular and sub-angular, and grain sphericity 
between high and low. QFR classification – Lithic Arkose, QFL/QmFLt – recycled 
orogen / transitional continental (Fig. 5.8S). 
AB16 
Sample AB16 was collected at the northern end of Goolawah Beach, and marks the 
inferred bottom of the overall stratigraphy of the Crescent Head Sequence. AB15 
contains abundant quartz, radiolarian chert and lithic fragments, and uncommon 
plagioclase and K-feldspar. This sample is a fine-grained sandstone, with poor-
sorting, grain angularity ranging between angular and sub-rounded, and grain 
sphericity low. QFR classification – Feldspathic Litharenite, QFL/QmFLt 
discriminaton – transitional arc / transitional arc (Fig. 5.7R). 
AB18 
AB18 was collected at the northern end of Goolawah Beach, and marks the inferred 
bottom of the overal stratigraphy of the Crescent Head Sequence. This sample 
contains abundant quartz, radiolarian chert, lithic fragments and uncommon 
plagioclase and K-feldspar. Sample AB28 is a graded sandstone (coarse to fine-
grained), is very-poorly sorted, grain angularity ranges between very-angular and 
rounded, and grain sphericity between high and low. QFR classification – Lithic 
Arkose, QFL/QmFLt discrimination – recycled orogen / quartzose recycled (Fig. 
5.8T). 
AB15 
Sample AB15 was collected at the northern end of Goolawah Beach, and this 
sample marks the very bottom of the stratigraphic sequence found within the 
Crescent Head Sequence. AB15 contains abundant quartz, radiolarian chert, lithic 
fragments and plagioclase. AB15 is a fine to moderate-grained sandstone, with poor 
sorting, grain angularity between very-angular and sub-angular and grain sphericity 
between high and low. QFR classification – Lithic Arkose  , QFL/QmFLt 


























































Fig. 5.9 – Lithic Arkose sandstones from the Point Plomer suite in cross-polarised light. 
a – Lithic Arkose, b – Lithic Arkose, c – Lithic Arkose, d – Lithic Arkose, e – Lithic Arkose, f – Lithic Arkose. 
 




















































Fig. 5.10 – Lithic Arkose sandstones from the Point Plomer suite in cross-polarised light. 
g – Lithic Arkose, h – Lithic Arkose, i – Lithic Arkose, j – Lithic Arkose, k – Lithic Arkose. 
 
Lith – lithic fragments, Qtz – quartz, Plg – plagioclase, Ch – chert, Ksp – K-feldspar, Cpx - Clinopyroxene 
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A complete list of sample descriptions, collection location and in-field classification 
are listed in detail in APPENDIX C. Samples are listed in stratigraphic order from 
south to north. 
Point Plomer Sequence: 
PP01 
PP01 was collected at the southern end of Queens Head Beach, and marks the 
bottom of the stratigraphic sequence of the Point Plomer sequence. PP01 contains 
abundant plagioclase and K-feldspars, lithic fragments and uncommon 
clinopyroxene and quartz. This sample is a fine-grained, carbonaceous shale, with 
poor-sorting, grain angularity between very-angular and sub-angular, and grain 
sphericity low. QFR classification – Lithic Arkose, QFL/QmFLt discrimination – 
transitional arc / transitional arc. (Fig. 5.9a) 
 
PP02 
PP02 was collected at the southern end of Queens Head Beach and is part of the 
bottom portion of the stratigraphy of the Point Plomer sequence. PP01 contains 
abundant plagioclase and K-feldspar, lithic fragments and uncommon radiolarian 
chert and quartz. Sample PP02 is a fine-grained, carbonaceous sandstone/shale, 
with poor-sorting, grain angularity between very-angular and sub-angular, and grain 
sphericity at low. QFR classification – Lithic Arkose, QFL/QmFLt discrimination – 
transitional arc / transitional arc. (Fig. 5.9b) 
 
PP03 
Sample PP03 was collected at the southern end of Back Beach, and marks the 
bottom of the middle portion of stratigraphy for the Point Plomer sequence. PP03 
contains abundant lithic fragments, plagioclase, orthoclase and uncommon quartz 
and clinopyroxene. This sample is a fine to medium-grained sandstone, with very-
poor sorting, grain angularity between very-angular and angular, and grain sphericity 
at low. QFR classification – Lithic Arkose, QFL/QmFLt – transitional arc / transitional 




PP04 was collected from a rock outcrop at the southern end of Back Beach, and this 
sample marks the middle portion of the stratigraphy of the Point Plomer sequence. 
This sample contains abundant plagioclase, orthoclase, lithic fragments and 
uncommon quartz. PP04 is a fine-grained sandstone, with very-poor sorting, grain 
angularity between very-angular and angular, and grain sphericity between high and 
low. QFR classification – Lithic Arkose, QFL/QmFLt – transitional arc / basement 
uplift  (Fig. 5.9d). 
 
PP05 
PP05 was collected at the northern end of Back Beach. This sample is part of the 
middle portion of the stratigraphic sequence of th Point Plomer sequence. PP05 
contains abundant plagioclase and K-feldspar, lithic fragments and uncommon 
quartz. PP05 is a very-fine grained to fine-grained silty sandstone with poor sorting, 
grain angularity between angular to sub-angular and grain spericity between high 
and low. QFR classification – Lithic Arkose, QFL/QmFLt – basement uplift / 
basement uplift (Fig. 5.9e). 
 
PP06-a 
PP06-a was collected at Point Plomer, and is directly related to samples PP06-b and 
PP06-c as all three mark a bouma-turbidite sequence. PP06-a contains abundant 
plagioclase, lithic fragments and uncommon quartz and hornblende. PP06-a is a 
fine-grained sandstone, is poorly-sorted with grain angularity between angular and 
sub-rounded, and grain sphericity between high and low. QFR classification – Lithic 
Arkose, QFL/QmFLt – transitional arc / transitional arc (Fig. 5.9f) 
 
PP06-b 
PP06-b was collected at Point Plomer, and is directly related to samples PP06-a and 
PP06-c. PP06-b marks the ‘mudstone-only’ portion of the bouma-turbidite sequence. 
PP06-b contains plagioclase and lithic fragments. Sample PP06-b is a mudstone-
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only portion of a bouma-turbidite sequence, grains are poorly-sorted, very-angular 
and of low sphericity. QFR – QFL/QmFLt – N/A. (Fig. 5.10g) 
 
PP06-c 
PP06-c was collected at Point Plomer, and is directly related to samples PP06-a and 
PP06-b. Sample PP06-c marks a ‘sandstone-mudstone’ portion of the bouma-
turbidite sequence. PP06-c contains plagioclase, lithic fragments and uncommon 
quartz, clinopyroxene and hornblende. Sample PP06-c is a fine to medium grained 
sandstone with mudstone, has poor to moderate-sorting, grain angularity between 
angular and sub-rounded and grain sphericity between high and low. QFR 




PP07 was collected at Limeburner’s Creek (Big Hill Beach) and marks the top 
portion of the stratigraphic sequence of the Point Plomer sequence. PP07 contains 
abundant plagioclase and K-feldspar and uncommon lithic fragments and quartz. 
Sample PP07 is a very-fine to medium grain sandstone, with very-poor sorting, grain 
angularity between very-angular and rounded, and grain sphericity between high and 
low. QFR – classification – Lithic Arkose, QFL/QmFLt – transitional arc / transitional 
arc  (Fig. 5.10i) 
 
PP08-a  
PP08-a was collected at Racecourse Head, is directly related to sample PP08-b as a 
set of bouma-turbidite beds and marks the top portion of the stratigraphic sequence 
of the Point Plomer sequence. This sample contains abundant plagiocase, lithic 
fragments and uncommon quartz, orthoclase and clinopyroxene. This sample is a 
very-fine grained sandstone-silstone, has moderate to well-sorting, grain angularity 
between very-angular and sub-angular and low grain-sphericity. QFR – Lithic 





PP08-b was collected at Racecourse Head, is directly related to sample PP08-a as a 
set of bouma-turbidite beds and marks the very top of the stratigraphic sequence of 
the Point Plomer sequence. This sample contains abundant plagioclase, K-feldspar, 
lithic fragments and uncommon quartz, clinopyroxene and pyrite/magnetite. This 
sample is a fine-grained sandsone, is poorly-sorted, grain angularity between very-
angular and sub-angular and grain sphericity between high and low. QFR – Lithic 






















5.4 – RESULTS - SEDIMENTARY CLASSIFICATION, Q-F-R Ternary Diagrams 
  Q (%) F (%) R (%) Total Counts 
Point Plomer Sequence:         
PP01 5.21 68.34 26.45 499 
PP02 7.32 63.21 29.47 492 
PP03 4.28 66.19 29.53 491 
PP04 5.92 74.9 19.18 490 
PP05 7.61 77.69 14.7 381 
PP06-a 6.65 69.82 23.53 391 
PP06-b 0 0 0 0 
PP06-c 13.28 68.67 18.05 482 
PP07 14.48 61 24.51 359 
PP08-a 22.84 49.38 27.78 486 
PP08-b 12.82 46.43 40.76 496 
Crescent Head Sequence:         
AB01 61.44 14.23 24.33 485 
AB02 46 26.28 27.72 487 
AB03 30.36 23.21 46.43 392 
AB04 58.25 15.89 25.87 491 
AB07 61.62 16.16 22.22 396 
AB09 46.19 22.59 31.22 394 
AB10-a 46 23.61 30.39 487 
AB10-b 55.05 24.54 20.41 485 
AB12 60.91 23.66 16.26 486 
AB13 48.99 26.92 24.09 494 
AB14 56.09 25.63 18.27 394 
AB15 37.22 32.92 29.86 489 
AB16 24.49 31.84 43.67 490 
AB17 58.62 28.19 13.18 493 
AB18 30.67 36.08 33.25 388 
AB19 15.46 31.93 52.61 498 
CH01 54.62 16.87 28.51 499 
CH01-a 43.5 16.75 39.75 400 




Fig. 10.1.3a X – Pettijohn Classification 





Fig. 5.4a (top) – Plotted QFR Point Plomer v Crescent Head. 
Fig. 5.4b (bottom) – Plotted QFR of grain size change. (Sandstone-Siltstoe-Conglomerate). 
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5.4a – RESULTS: Q-F-R TERNARY DIAGRAM  
 
After normalisation calculations of the raw data seen in APPENDIX D, the data seen 
in Tab. 5.2 is then plotted on McBride (1963)’s conceptual model of classification for 
sandstones. For the purposes of this study, the data was plotted for comparison 
between the sample groups representing the Crescent Head Sequence and the 
Point Plomer Sequence, and the comparison between sample classifications 
(sandstone-conglomerate-siltstone) found across the entire study area of the Mid 
North Coast. 
As demonstrated in Fig. 5.4a, there is a clear separation / clumping trend when 
comparing the two ‘sequences’ which underwent petrographic analysis. The Point 
Plomer sequence trends downwards towards the “F” (Total Feldspars) pole within 
the field of immature to semi-immature sediment in under the ‘Lithic Arkose’ 
classification. This analysis coincides with point counting data and thin-section 
descriptions that samples within the Point Plomer sequence are lacking in rock 
fragments and quartz grains of both igneous and metamorphic origin (MacKenzie 
1980, Adams, Guilford et al. 1984) Whereas, the samples in the Crescent Head 
sequence plot closer towards the Q-pole (Total quartz and radiolarian chert) 
(McBride 1963), indicating a maturing / more mature sedimentary sequence. The 
samples from the Crescent Head sequence which plot within McBride (1963)’s fields 
of ‘Lithic Arkose’ and ‘Feldspathic Litharenite’ have been influenced by greater 
feldspars (of all varieties) and rock fragments (including sedimentary, low-level 
metamorphism and some volcanically-derived fragments. These plots coincide with 
thin-section analysis of samples from the Crescent Head sequence which were 
noted to contain significantly more quartz (of both igneous and metamorphic origins) 
(Adams, Guilford et al. 1984) and radiolarian chert fragments in comparison to the 








5.4b – RESULTS: PROVENANCE ANALYSIS, Q-F-L / QM-F-LT TERNARY 
DIAGRAMS 
 
  Q (%) F (%) L (%) Total Counts 
Point Plomer Sequencee: 
PP01 4.64 68.75 26.61 496 
PP02 7.32 63.21 29.45 492 
PP03 4.37 67.57 28.07 481 
PP04 5.95 75.36 18.69 487 
PP05 7.61 77.69 14.7 381 
PP06-a 6.65 69.8 23.53 391 
PP06-b 0 0 0 0 
PP06-c 13.36 69.1 17.54 479 
PP07 14.7 61.86 22.44 354 
PP08-a 22.86 49.79 27.35 468 
PP08-b 12.32 48.69 38.99 495 
Crescent Head Sequence: 
AB01 61.57 14.26 24.17 484 
AB02 46.09 26.34 27.57 486 
AB03 30.43 23.27 46.29 391 
AB04 58.97 16.08 22.77 485 
AB07 62.89 16.49 20.62 388 
AB09 47.15 23.06 29.79 386 
AB10-a 46.19 23.71 30.1 485 
AB10-b 55.17 24.59 20.25 484 
AB12 61.03 23.71 15.26 485 
AB13 49.49 27.2 23.31 489 
AB14 57.11 26.1 16.8 387 
AB15 37.22 32.92 29.86 489 
AB16 24.49 31.84 43.67 490 
AB17 58.62 28.19 13.18 493 
AB18 30.67 36.08 33.25 388 
AB19 15.4 33 52 500 
CH01 54.84 16.94 28.23 496 
CH01-a 44.05 16.96 38.99 395 
CH02 56.82 18.18 25 484 




Fig. 5.4c (top) – Plotted QFL Point Plomer v Crescent Head. 
Fig. 5.4d (bottom) – Plotted QFL of grain size change. (Sandstone-Siltstoe-Conglomerate). 
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5.5 – RESULTS: Q-F-L TERNARY DIAGRAMS 
After normalisation calculations of raw data seen in APPENDIX D, the normalised 
data presented in Tab.10.1.6aX is then presented on the Gazzi-Dickinson (Dickinson 
1970) method of point counting. Q-F-L ternary diagrams are designed to 
demonstrate grain stability where Q = All quarzose grains (monocrystalline and 
polycrystalline) are ploted, thus emphasising on the factors: weathering, provenance 
relief, transport mechanism and source rock. Qm-F-Lt ternary diagrams are designed 
to demonstrate and highlight grain size of source rocks. (Under the belief that “finer 
grained rocks yield more lithic fragments”) (Dickinson 1979). 
The utilisation of these diagrams is to highlight broad, provenance classifications – 
continental block, magmatic arc and recycled orogen, based upon petrographic 
analysis of samples derived from particular known provenances (Peterson 2009). 
 
5.5a – POINT PLOMER SEQUENCE v CRESCENT HEAD SEQUENCE 
Normalised data from APPENDIX D highlights two general sources for sediment 
within the study area from Point Plomer to Crescent Head, NSW. Point Plomer 
sequence rocks plot under the general banner of magmatic arc provenance More 
specifically, the Point Plomer sequence samples appear to be sourced from a 
transitional arc setting, perhaps with a greater plutonic-volcanic grain influence, 
rather than more Quartz-saturated settings. 
The Crescent Head sequence plots across several key provenances, a majority if the 
samples falling within the ‘recycled orogen’ classification. This indicates the source 
rocks for these particular samples have undergone transport and weathering 
processes before deposition in their current localities. The other Crescent Head 
sequence samples that plot within a magmatic arc setting, more specifically 







5.5b – SANDSTONE v GRANULE CONGLOMERATE v SILTSTONE 
In comparison to the clear trends associated with the broad comparison between the 
two sample sequences. There are no clear trends when a comparison of lithologies 
is partaken. Sandstones occur in a range of broad provenance classifications, 
ranging between Basement Upift – Transitional Arc to Recycled Orogen. The three 
samples considered to be coarse-grained Siltstones all plot  well within the 
boundaries of the ‘Recycled Orogen’ provenance, indicating a greater influence of 
sedimentary processes of transport and weathering, thus only the more resistant 
minerals remain behind. The three granule-conglomerate samples, although appear 
across three separate broad provenance classifications (Transitional Arc, Dissected 
Arc and Recycled Arc). Individual Q-F-L sample plots are available in APPENDIX E. 
 
5.5c – RESULTS: Qm-F-Lt TERNARY DIAGRAMS 
 
A more detailed provenance model proposed and utilised by (Dickinson 1979), which 
places emphasis upon the grain size of the source rock, as opposed to grain 
stability. Qm-F-Lt (Qm = Monocrystalline Quartz, F- All Feldspars, Lt = Stable 
Quartzose + Unstable lithic fragments (includes Volcanic and plutonically-derived 
















Fig. 5.5a (top) – Plotted QmFLt Point Plomer v Crescent Head. 
Fig. 5.5b (bottom) – Plotted QmFLt of grain size change. (Sandstone-Siltstoe-Conglomerate). 
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5.5d – POINT PLOMER SEQUENCE v CRESCENT HEAD SEQUENCE  
Normalised data was plotted on the more detailed equivalent of the proposed Gazzi-
Dickinson model for sedimentary tectonic discrimination. (Dickinson 1970, Dickinson 
1979)  
Samples from the Point Plomer sequence plot in the category of transitional arc. 
Some samples plot in the ‘basement uplift’ field, but the feldspar-dominated pole 
trend is very much the most dominant factor witin this classification (Dickinson 1979) 
(Fig. 5.5a). 
In contrast, samples from the Crescent Head sequence plot over a wide variety of 
key provenance fields, including: continental block, magmatic arc and recycled 
orogen series. More specifically, many of the samples fall under a ‘mixed category’ 
marking a mid point between continental, recycled and magmatic sediment sources. 
Some samples sit within the recycled orogen sub-provenance of ‘quartzose 
recycled’, whilst several samples plot within several types of magmatic arc 
provenances, specifically dissected and transitional arc (Dickinson 1979, Parker 
2010) (Fig. 5.5a). 
 
5.5e – SANDSTONE v GRANULE CONGLOMERATE v SILTSTONE 
In constrast to the comparison between sample sequences, there are no true, clear 
trends apparent when utilising this method of plotting, (Dickinson 1979). Sandstones 
appear throughout all samples and appear across a wide-range of provenance 
settings. granule-conglomerates plot closer towards the Lt-pole, where lithic 
fragments, as well as polycrysalline quartz are categorised. Coarse-siltstones all plot 
within the ‘quartzose recycled’ orogen, indicating a greater Qm (monocrystalline 







5.6 – ANALYSIS & INTERPRETATION 
The combination of petrographic descriptions, Q-F-R classification discrimination, Q-
F-L and Qm-F-Lt tectonic discrimination, there is a clear indication that the sediment 
sources for the samples within the Point Plomer Sequence and the Crescent Head 
Sequence are entirely different in terms of maturity of sediment, mineralogial make 
up, weathering and associated (assumed) transport of sediment to the present day 
location of outcrops.  
The Point Plomer Sequence, as suggested by petrographic descriptions are a series 
of sandstone-siltstone-mudstone sequences with a sub-immature to immature 
sediment source, indicated by large, un-altered tabular feldspars (of several different 
varieties), partnered with the prescence of other ‘unstable’ minerals such as 
clinopyroxene and rare hornblende (Marsaglia 1992). When normalised point 
counting data is plotted on Q-F-R classification diagrams, the immature state of the 
sediment found within this sequence coincides with the ‘lithic arkose’ classification 
(Dickinson 1970). This classification is described as an ‘immature to sub-immature’ 
sediment with affitinites closely related to a feldspar-rich volcanic sediment source. 
The idea of a volcanic-sediment source is also confirmed by both the Q-F-L and Qm-
F-Lt tectonic discrimination diagrams utilised by Dickinson (1979), which plot the 
samples of the Point Plomer sequence into ‘magmatic arc provenances – 
specifically, ‘transitional arc’ provenances, where some physical erosion of sediment 
and batholythic core of the volcanic system has started to be exposed and eroded 
away (Dickinson 1979, Marsaglia 1992). 
In contrast to the Point Plomer Sequence, the Crescent Head sequence, as 
suggested by petrographic descriptions are a series of conglomerate-sandstone-
siltstone-mudstone sequences with a sub-mature to near-immature sediment source, 
indicated by a very significant quartzose component in almost all samples (Marsaglia 
1992), partnered with an almost-complete absence of ‘unstable’ minerals such as 
clinopyroxene and hornblende. When normalised point-counting data is plotted on Q-
F-R classification diagrams, the maturity state of the sediments found within the 
Crescent Head sequence plot the samples within a range of lithological categories, 
predominantly within ‘lithic sub-arkose’ a classification based upon intermediate, 
feldspathic sandstones that fall somewhere between arkose (very immature) and 
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quarzarenite (very mature) (McBride 1963). Other samples fall within borderline 
regions of lithic-arkose – sub lithic-arkose and feldspathic litharenite – sub lithic-
arkose. The samples that fall within these categories either have a sediment source 
containing more feldspars of rock fragments or the sediment hasn’t undergone as 
many recycling cycles as those that plot well within the confines of the ‘sub lithic-
arkose’ classification (Peterson 2009). The idea that the samples from Crescent 
Head are sourced from a more mature-state sediment source are confirmed when 
plotting Gazzi-Dickinson point-counted data upon Q-F-L and Qm-F-Lt ternary 
diagrams, samples plot predominantly within the confines of the ‘recycled orogen’, 
with the exception of a few samples that plot within the confines of several magmatic 
arc sub-provenances – dissected and transitional arc classifications. More detailed 
provenance classification occurs when samples from the Crescent Head Sequence 
are plotted on Dickinson (1979) Qm-F-Lt ternary diagram. Samples that once plotted 
within ‘Recycled Orogen’ now fall within the ‘Mixed’ provenance, whilst some 
samples plot close to the theoretical boundaries between the ‘continent block – 
transitional continental and mixed’ provenances, and ‘quartzose recycled and mixed’ 
provenances (Dickinson 1979). 
The mixed ‘provenance’ marks a mid way point, or mixture between various 
sediment sources within the study area. This ‘mixing effect’ between various 
sediment sources (mixes between stable continental, recycled and magmatic arc-
derived sediment) is indicative that more than one sediment source contributed to 
the deposition of the sedimentary outcrops located within the Point Plomer and 










CHAPTER 6 – GEOCHEMISTRY 
 
6.1 – INTRODUCTION 
 
Plate tectonic processes imprint a distinctive signatures to sediments in several 
ways. Firstly, different tectonic environments have distinct geochemical 
characteristics related to provenance studies and, secondly, sediments are 
characterised by sedimentary processes (Rollinson 1993). Sedimentary rocks are 
important sources of information about past conditions on the Earth’s surface. 
Sedimentary clastic rocks have the ability to preserve detrital material from long-
eroded source rocks and therefore provide clues to the composition of the source 
rock and the approximate time of exposure. The geochemical composition of 
sedimentary rocks is a function of several variables such as the nature of the source 
rock, intensity and duration of weathering, transportation (sedimentary recycling), 
physical sorting and diagenesis (Middleton 1960, Piper 1974, Bhatia 1983, Argast 
1987, McLennan 1989, Armstrong 2005). 
Whole-rock geochemistry is used to characterise the provenance of sedimentary 
rocks (in particular sandstones and mudstones), and is important when only partial 
detrital material is preserved during diagenesis (Duller 1995). 
Previous work undertaken by Bhatia (1983), Bhatia (1986) and Roser (1986) used 
geochemical data derived from sandstones of known provenances to provide a 
simplified plate tectonic classification based upon the nature of the geochemical 
signature left behind during tectonism. The plate tectonic classification scheme 
consists of four individual classifications, each broad, yet unique enough to define 
the tectonic processes responsible for the sedimentary samples tested. The four 
classifications are: 
1. Oceanic Island Arc – sedimentary basins adjacent to oceanic island arcs or 
island arcs partially formed on thin continental crust. (e.g. Aleutians). In this 
setting, a volcanic arc separates the fore-arc from an oceanic back-arc basin. 




2. Continental Island Arc – sedimentary basins adjacent to island arcs, formed 
on well-developed continental crust or on thin margins. (e.g. Japan Sea or 
Cascades, USA). Arcs are continental fragments detached from a mainland. 
Sediments are deposited in inter-arc, back-arc and fore-arc basins, and are 
derived from felsic volcanic rocks. (Back-arc basins formed on the continental 
side of an island arc are included in this category.) 
 
3. Active Continental Margin – sedimentary basins of the Andean-type; typically 
thick continental margins and strike-slip margins. Sediments are 
predominantly derived from granite-gneisses and siliceous volcanics of 
uplifted basement. Sedimentation occurs in marginal and retro-arc basins. 
 
4. Passive Margin – comprise rifted continental margins of the Atlantic-type. 
They developed along the edges of the continents, as remnant ocean basins 
adjacent to collision orogens, or are inactive or extinct convergent margins. 
Sediment is usually highly mature, and derived by the recycling of older 
sedimentary and metamorphic rocks of platforms of recycled orogens. 
 
In the last thirty years a number of methods have be produced that use a 
combination of major element, immobile trace element, and rare earth element 
abundances to discriminate between rocks that have formed in different tectonic 
settings (e.g. Pearce (1973), Pearce (1984), Müller (1992), Winchester (1977)).  
In terms of sedimentary geochemistry, Bhatia (1983)  demonstrated the usefulness 
of ratios between mobile, major element analysis when discriminating broad tectonic 
settings. However, trace elements and REE are now seen as more suitable for 
discrimination of provenance and tectonic setting because of their relatively low 
mobility during sedimentary processes and their short residence time in sea water 
(Holland 1978, Taylor 1985). It is assumed these elements are transferred 
quantitatively into clastic sediments during weathering and transportation thus 
reflecting the signature of the parent rock source. They are therefore expected to be 
more useful discriminators of tectonic environments and source-rock compositions 




6.2 – METHODOLOGY 
 
Twenty-nine samples representing the Crescent Head and Point Plomer sequences 
were crushed into a fine-powder using a TEMA chromium steel ball mill at the 
University of Wollongong. All samples were then made into pressed pellets for trace 
element analysis and glass buttons for major element analysis. Thirteen of these 
powdered samples were also analysed for Rare Earth Element concentrations using 
standard laboratory procedures. Samples from both sequences were also treated 
with LiNO3 due to excess sulphur content. All twenty-nine samples were analysed for 
whole rock geochemistry using a SPECTRO XEPOS energy dispersive polarisation 
X-ray fluorescence spectrometer (XRF) at the University of Wollongong. 
Geochemical and tectonic discrimination diagrams were created using GCDkit 
(Janousek 2006) in order to derive altered geochemical data. 
 
6.3 – RESULTS: MAJOR ELEMENT PLOTS 
 
6.3a – Harker Diagrams 
 
Harker diagrams (Fig.6.3a) first used by Bhatia (1983) were used to compare the 
abundances of major element oxides along a common axis (SiO2 for this study). 
There is a clear separation between samples representative of the Point Plomer 
sequence, with a SiO2 range between 58 wt.% and 67 wt.%, and the Crescent Head 
sequence, with a SiO2 range between 72 wt.% and 80 wt.% (Seen Appendix B). 
There is broad trend with decreasing abundance of Ti, Fe, Ca, Na, Mg, K, P and Al 
from the Point Plomer sequence samples and the Crescent Head sequence 
samples. Rocks from Point Plomer display characteristics of those associated with 
intermediate (55 – 66 wt.% SiO2) igneous source rocks while, in contrast, rocks from 
Crescent Head display characteristics similar to those associated with acidic/felsic 
(>66 wt.% SiO2)) igneous source rocks (Winter 2010). These figures also indicate the 
sediment is associate with active orogenic margins, such as continental or oceanic 
arc systems (Bhatia 1983).  
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The decrease in abundances of Ti, Fe, Ca, Na, Mg, K, P and Al across Crescent 
Head samples also indicate (by the lack of unstable mineral components seen under 
a petrographic microscope (Dickinson 1979)) that the sediment is more mature in its 
content, and is propagated further. 
The abundances of Ca, Na, K and Al, suggests there is a dominant component of 
feldspars within the inferred volcanic source rocks. Abundances of Ca and Fe are 
attributed to Ca and Fe-rich pyroxenes within a volcanic system (predominantly seen 
in petrographic analysis is clinopyroxene) (Deer 1992). Abundances of Ti, Ca and Fe 
are also attributed to the presence of Ti, Ca and Fe-rich amphiboles within the 
system. Hornblende was only seen in thin-section in one sample from the Point 
Plomer sequence (Deer 1992). The presence of phosphorus within samples from 
both the Crescent Head and Point Plomer are related to the presence of detrital 
apatite inherited from the volcanic source rock (Deer 1992). 
The separation of samples from Crescent Head and Point Plomer represent two 
separate, but mixed arc-related systems functioning within this area of the New 































Fig. 6.3a – Harker diagrams (Bhatia 1983)  demonstrating the separation of the sequences from Point Plomer and Crescent Head. 
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6.3b – Major Elements (K2O/Na2O – SiO2 binary plot) 
 
The K2O/Na2O – SiO2 (Fig. 6.3b) is very useful in separating data in broad 
provenance groups. First suggested by Middleton (1960), to define eugeosynclinal 
provenances (deep-marine and outer portion of geosynclines), and later redefined by 
(Roser 1986) to define modern tectonic settings, this plot is used to define three 
broad tectonic settings – oceanic island arcs, active continental margins (includes 
continental island arc), and passive margins.  
There is a clear separation of samples from Point Plomer and those from Crescent 
Head. Samples from Point Plomer plot within the subduction-related provenances 
‘oceanic island arc’ and ‘active continental margin’, while samples from the Crescent 
Head sequence plot towards and around the boundary between active continental 
margins and passive margins (Roser 1986). This result is supported by petrographic 
analysis, where samples from Crescent Head displayed signs of maturity with a 
higher quartz content than samples from Point Plomer (Dickinson 1979). The clear 
separation of the two sequences indicates the presence of two separate arc-systems 
shedding sediment before and during the time of deposition in the southern New 
England Orogen. 
 
6.3c – Major Elements (SiO2 – FeOt/MgO binary plot) 
 
The SiO2 – FeOt/MgO (Fig. 6.3b) is very for useful separating samples into 
approximate source-rock magmatic affinity. The use of the plot was first suggested 
by Miyashiro (1974) and is used in the present study to define Calc-alkaline (Felsic-
Intermediate) and Tholeiitic (Mafic and Ultra-Mafic).  
The Crescent Head and Point Plomer sequences are separated in this diagram, with 
plots of the samples from Crescent Head well within the confines of ‘Calc-alkaline’ 
igneous source rocks. In contrast, samples from Point Plomer plot on the 
approximate boundary between Calc-alkaline and Tholeiitic igneous source rocks. 
This plot complements the Harker diagrams in which Point Plomer samples are 
defined as intermediate (with possible mafic influence), while samples from Crescent 
Head were identified as having felsic/acidic volcanic source rocks. 
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This supports the idea that two individual arc-systems were shedding sediment (of 
different source rock affinity) before and during the time of deposition of the 































Fig. 6.3a (Top) – K2O/Na2O – SiO2 binary plot defining the three broad tectonic settings of (Roser 1986). 
Fig. 6.3b (Bottom) – SiO2 – FeOt/MgO binary plot defining possible magmatic affinity of samples from 
Crescent Head and Point Plomer (Roser 1986). 
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6.3d – Major Elements (Bhatia (1983) Discriminant Function)  
 
This discrimination diagram, proposed by Bhatia (1983), is based upon a bivariate 
plot of first and second discriminant functions for major elemental analysis of 69 
Palaeozoic sandstones of unknown tectonic settings. The four provenance 
classifications were then assigned on the basis of comparison with modern samples 
of known tectonic settings.  
The discriminant function bivariate diagram roughly separates the Point Plomer and 
Crescent Head samples. Samples from Crescent Head plot predominantly within the 
‘Active Continental Margin’,with a small number of samples plotting in ‘Continental 
Island Arc’. This indicates the source-rocks for the Crescent Head sequence is 
derived from an environment similar to an Andean-type volcanic margin. On the 
contrary, samples from the Point Plomer sequence plot within ‘Oceanic Island Arc’, 
‘Continental Island Arc’ and ‘Active Continental Margins’ indicating a subduction arc 
setting; but it is not known if it was an oceanic island arc or continental island arc. 
(Fig.6.3c Top) 
Discriminant Function I: -0.0447 x SiO2 – 0.972 x TiO2 + 0.008 x Al2O3 – 0.267 x 
Fe2O3 + 0.208 x FeO – 3.682 x MnO + 0.140 x MgO + 0.195 x CaO + 0.719 x Na2O 
– 0.032 x K2O + 7.51 x P2O5 + 0.303. 
Discriminant Function II: -0.4215 x SiO2 + 1.988 x TiO2 – 0.526 x Al2O3 – 0.551 x 
Fe2O3 – 1.610 x FeO + 2.720 x MnO + 0.88 x MgO – 0.907 x CaO – 0.177 x Na2O – 
1.840 x K2O + 7.244 x P2O5 + 43.57. 
 
6.3e – Major Elements (Roser (1986) Discriminant Function) 
 
The discriminant function diagram proposed by (Roser 1986) was designed to 
distinguish between sediments whose provenance is primarily mafic, intermediate or 
felsic igneous and quartzose sedimentary. This is based upon the chemical analysis 
of 248 samples in which Al2O3 / SiO2, K2O/Na2O, FeOt (Fe total) and MgO are the 
focus. The plot is based upon the oxides of Ti, Al, Fe, Mg, Ca, Na and K, as these 




This discriminant function roughly separates the samples representing the Crescent 
Head and Point Plomer sequences. The Crescent Head samples display a clear 
clumping trend within the ‘felsic-igneous provenance’, while the samples from the 
Point Plomer sequence sporadically plot across the ‘felsic igenous’ and ‘intermediate 
igenous’ provenance classifications. This indicates that two separate arc systems, 
were present, and both shed sediment before and during the deposition of the 
sequences at Crescent Head and Point Plomer (Fig.6.3c Bottom). 
Discriminant Function I: -1.773 x TiO2 + 0.607 x Al2O3 + 0.76 x Fe2O3 – 1.5 x MgO 
+ 0.616 x CaO + 0.509 x Na2O – 1.224 x K2O – 9.09. 
Discriminant Function II: -1.773 x TiO2 + 0.07 x Al2O3 – 0.25 x Fe2O3 – 1.142 x 











Fig. 6.3c (Top) Provenance discriminant function diagram proposed by Bhatia (1983). 
Fig. 6.3d (Bottom) – Igneous source discriminant function diagram proposed by Roser (1986). 
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6.4 – RESULTS: TRACE ELEMENTS 
 
6.4a – Th-Co-Zr/10  (Bhatia (1986) Tectonic Discrimination Diagram) 
 
Trace element tectonic discrimination diagrams utilised for sedimentary 
geochemistry are primarily dependent on normalised multi-element diagrams, as 
opposed to well established (Rollinson 1993) ratios between trace elements for 
igneous trace element geochemistry. It is noted that the elements Th, Zr, Hf and 
REE’s are enriched in felsic igneous environments, while the elements Sc, Co, Cr 
and Ni are enriched in mafic – ultra mafic igneous environments (Winter 2010). 
Bhatia (1986) and Taylor (1985) identified the elements La, Th, Zr, Nb, Y, Sc, Co 
and Ti as the most useful in discriminating between sandstones from different 
tectonic settings. There are four distinctive provenance environments recognised in 
the ternary diagram ‘Th-Co-Zr/10’: oceanic island arc, continental island arc, active 
continental margin and passive margin. The Th-Co-Zr/10 ternary diagram, first 
proposed by Bhatia (1986), was developed through the chemical analysis of 
sandstone samples of grains of various maturity from small, geographically restricted 
environments for application to sandstone  samples from unknown provenance 
setting. 
The ternary diagram suggests both the Crescent Head and Point Plomer sequences 
belong to inferred continental island arc provenances of an unknown affinity. These 
samples plot towards the Zr/10, indicating enrichment from Zr from within the 
system. This supports the idea that both of these sequences are derived from a 
felsic-igneous environment (Winter 2010). Despite this, the classification of the Point 
Plomer sequence using the ternary diagram is in conflict with other tectonic 
discrimination applications which suggest the samples from Point Plomer come from 





Fig. 6.4a (Top) – Th-Co-Zr/10 tectonic discrimination diagram  by (Bhatia 1986). 




6.4b – Th/U – Th (McLennan (1993) Magmatic Source Discrimination Diagram) 
 
The ‘Th/U – Th’ discrimination diagram was first proposed by McLennan (1993) as it 
was noted that the relationship between Th/U and Th  can provide an indication of a 
magmatic source and the evolutionary state of a contributing arc system within a 
sedimentary sequence. 
Particular parameters exist within the diagram which allow for provenance of 
sedimentary samples to be determined. Samples with volcanic rock affinity, derived 
from depleted mantle sources (e.g. mantle wedge), have a Th level of <8 ppm, and a 
Th/U ratio <~3 ppm. In contrast, samples with the upper continental crust (recycled, 
mature sediments) have Th values ranging between ~ 10 and 15 ppm, and a Th/U 
ratio at ~4 ppm (McLennan 1993). 
The samples representing the Point Plomer sequence plot with an average Th 
abundance of ~ 8 to 10 ppm and a Th/U ratio abundance at ~ 3 ppm. The samples 
from Point Plomer are derived from possible depleted magmatic sources within a 
subduction-arc setting. The samples representing the Crescent Head sequence plot 
with an average Th abundance of ~9 to 10 ppm, and an average Th/U ratio > 4 ppm 
but some samples from the Crescent Head sequence plot below this in the depleted 
mantle source field. This indicates samples from Crescent Head come from a 
continental crust source, and it is indicative of the maturity of the sediment as seen 
under petrographic microscope (see Chapter 5). 
Figure …. supports the idea that samples from both the Crescent Head and Point 
Plomer sequences are derived from arc sources of varying geochemical composition 
within proximity to this portion of the southern New England Orogen. 
 
6.5 – RESULTS: RARE EARTH ELEMENTS 
 
6.5a – Multi-element ‘Spider Diagram’ – (‘NMORB’ Sun (1989) Diagrams) 
 
Normalised multi-element ‘spider plots’ are the based upon a grouping of elements 
incompatible with respect to a typical mantle mineralogy (Winter 2010). Rare earth 
elements are insoluble and present in very low concentrations in sea and river water, 
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thus REE present in sediment are chiefly transported as particulate matter and 
reflect the chemistry of their source. Rare earth elements and trace elements such 
as Sr, K, Rb and Ba are mobile, while the elements Th, Ta, Nb, Ce, P, Zr, Hf, Sm, Ti, 
Y and Yb are relatively immobile.  
The normalised mid ocean ridge basalt (N-MORB) multi-element (spider) diagram 
provides the most fundamental information with regards to the source (potential 
provenance) and enrichment/depletion histories of evolved basalts, andesites and 
crustal rocks (Rollinson 1993). Samples from the Point Plomer (Fig.6.5b bottom) and 
Crescent Head (Fig.6.5a top) sequences are normalised and ordered using the 
scheme of Sun (1989),with the large ion lithophile (LIL) elements located on the left, 
and the high field strength (HFS) elements located on the right. The compatibility of 
each element relative to the mantle increases out from Ba and Th (Winter 2010). 
The N-MORB abundances of the Crescent Head sequence display a gradual 
depletion of REE from LIL to HFS with scattering related to change in grain size 
between samples (lowest peaks for P are representative of two siltstone-mudstone 
and one granule-conglomerate (Korsch 1993)). The negative anomaly of Nb is a 
signature of a subduction setting, while the slight enrichment and little scatter of Zr is 
also a signature of a subduction tectonic setting (Bhatia 1981, Sun 1989). The 
negative P anomaly is associated with the removal of the mineral apatite during the 
transportation process (Deer 1992). 
Similarly, the N-MORB abundances of the Point Plomer sequence display a slightly 
greater depletion of REE from LIL to HFS with a small amount of scattering present 
with LIL to mid-HFS elements. This scattering is related to changes in grain size in 
each of the samples (Korsch 1993). The negative anomaly of Nb is characteristic of 
a subduction tectonic setting. Supporting this theory of provenance is the slight 
enrichment of Zr, which too is a subduction setting signature (Bhatia 1981, Winter 
2010). The negative anomalies of both P and Ti are associated with the removal of 










REE Spider Plot – Crescent Head Sequence 





Fig.6.5a (Top) Normalised plot for samples representative of the Crescent Head sequence. 




6.5b – Multi-element ‘Spider Diagram’ – (‘MORB’ Pearce (1983) Diagrams) 
 
The mid ocean ridge basalt (MORB) normalised multi-element (spider) diagram 
provides the most fundamental information regarding the source (provenance) and 
enrichment/depletion history of intermediate rocks (Winter 2010). Samples from the 
Point Plomer (Fig. 6.5d bottom) and Crescent Head (Fig. 6.5c top) sequences are 
normalised and ordered using the scheme of Pearce (1983) with the large ion 
lithophile (LIL) elements located on the left, and the high field strength (HFS) 
elements located on the right. The compatibility of each element relative to the 
mantle increases out from Ba and Th (Winter 2010). 
The MORB normalised abundances of the samples representative of the Crescent 
Head sequence show an overall enrichment of LIL and a gradual depletion of HFS. 
Negative anomalies of both Ta and Nb are interpreted to be typical signatures of a 
subduction-zone tectonic setting (Winter 2010). This idea of a subduction-zone 
orogen is supported with a slight enrichment of Zr and Hf, which are also signatures 
typical of a subduction zone setting (Bhatia 1981). The enrichment of Ce across all 
samples can be attributed to the environment of deposition (deep marine water 
contains relatively high abundances of Ce (Winter 2010)). The slight scattering of 
samples is attributed to a change in grain size of samples (Korsch 1993).  The 
negative anomalies present for P and Ti can be attributed to the removal of apatite 
and Ti-rich amphiboles (hornblende) during the transportation of sediment (Deer 
1992). 
Similarly, the MORB normalised abundances of samples representative of the Point 
Plomer sequence show enrichment of LIL, and a gradual depletion of HFS (Winter 
2010). The small amount of scattering between samples can be attributed to a 
change in grain size of the samples (Korsch 1993). Negative anomalies of both Ta 
and Nb are interpreted to be typical signatures of a subduction zone tectonic setting. 
This is supported by the slight enrichment of Zr and Hf, which are also interpreted as 
signatures of a subduction zone setting.  The enrichment of Ce is attributed to the 
deep marine environment of deposition (as sea water contains high amounts of Ce 
(Winter 2010)). The negative anomalies of P and Ti correspond with the removal of 




REE Spider Plot – Crescent Head 
Sequence 
REE Spider Plot – Point Plomer Sequence 
Fig.6.5c (Top) Normalised plot for samples representative of the Crescent Head sequence. 




6.6 – INTERPRETATION & ANALYSIS 
The separation between samples representative of the Point Plomer and Crescent 
Head sequences, as seen in the Harker diagrams (Fig. 6.3a), is interpreted as 
meaning that two separate sediment sources are responsible for the deposition and 
hence for the different samples. The Point Plomer sequence (57 – 68 w.t.% SiO2) is 
interpreted to have been sourced from a mafic-intermediate arc provenance, while 
the Crescent Head sequence (72 – 80 w.t.% SiO2) is interpreted to be derived from 
the felsic volcanic arc from within the southern New England Orogen before and 
during the deposition of the sediment (McPhie 1987, Winter 2010). The decrease of 
all major oxides can be attributed to the maturity of the sediment (seen under 
petrographic microscope in Chapter 5 (Bhatia 1983)). Samples from the Crescent 
Head sequence have undergone greater maturation processes, whilst samples from 
the Point Plomer sequence appear to have undergone very little maturation as 
unstable minerals (amphiboles, feldspars and pyroxenes) are still present in the 
sample as seen under an etrgraphic microscope (Deer 1992). 
The Roser (1986) K2O/Na2O – SiO2 (Fig.6.3 top) diagram reaffirms this idea that two 
separate subduction-related arc settings were the orogens contributing to the 
sequences located within both the Point Plomer and Crescent Head. The separation 
between the sequences (Point Plomer plots within the ‘oceanic island arc’ field, while 
Crescent Head plots within the ‘active continental margin – continental arc’ field) is 
indicative of this, and reaffirms the idea that the southern New England Orogen had 
a prominent ‘Andean’style’ volcanic arc, and an unknown arc of mafic to intermediate 
affinity shedding sediment throughout the Carbonifeous to Latest Permian (~ 350 Ma 
to 252 Ma) in the southern New England Orogen. This idea is similar to the model of 
formation proposed by Aitchison (2012) and Buckman (2014), which interprets the 
foreign Gympie Terrane of mafic – intermediate volcanic affinity as contributing 
sediment with this character to the southern New England Orogen during a 
collisional event in the Permian (~290 Ma - 252 Ma). 
The SiO2 – FeOt*/MgO diagram proposed by Miyashiro (1974) (Fig. 6.3b bottom) 
displays a clear separation of the samples representative of Crescent Head and 
Point Plomer. The results of the separation are interpreted as meaning that samples 
representing the Crescent Head sequence are derived from a calc-alkaline, felsic 
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(acidic) volcanic source, while the samples representing the Point Plomer sequence 
appear to have been derived from an unknown arc-setting with closer affinity to a 
mafic/intermediate source. The Point Plomer sequence cannot be constrained to just 
a tholeiitic magma source as several of the sources plot close to, or within, the very 
outer limitations of the calc-alkaline field indicate a slightly higher amount of SiO2 
within this system than is typically seen in mafic arc settings (Miyashiro 1974, Winter 
2010).  
The discriminant function proposed by Bhatia (1983) demonstrates a separation 
between each of the represented sequences. Point Plomer samples are interpreted 
to be derived from an oceanic island arc tectonic setting, whilst Crescent Head 
samples are interpreted to be derived from an active continental margin (Fig. 6.3c 
top). 
The discriminant function proposed by Roser (1986) demonstrates an average 
magama source affinity and suggest the samples representing Crescent Head 
sequence are derived from a felsic volcanic source, while the samples representing 
the Point Plomer sequence are derived from a tectonic setting with an intermediate 
volcanic source (Fig. 6.3d bottom). 
The ternary discrimination diagram proposed by Bhatia (1986), although not as 
definitive in discrimination, confirms the idea that sediment from both the Crescent 
Head and Point Plomer sequences are derived from subduction settings. It can be 
interpreted that sediment of both sequences has intermingled during shedding and 
depositon (Fig. 6.4a top). 
The magmatic source discrimination diagram by McLennan (1993) indicates 
sediment from the Point Plomer sequence is of an immature character, has 
undergone very little weathering and is derived from a depleted mantle source. 
Sediment from the Crescent Head sequence is interpretted to have a more mature 
character, to have undergone an amount of weathering and is derived from an 
evolving arc to continental crust provenance. These results (Fig. 6.4b bottom) are 
supported by the maturity level of samples of both sequences, as seen under a 
petrographic microscope (see  Chapter 5). 
Regardless of the normalisation scheme (Pearce 1983, Sun 1989), samples from 
both the Point Plomer and Crescent Head sequences indicate very strong negative 
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anomalies for the elements Ta and Nb; both indicative of a subduction zone tectonic 
setting. This signature (Fig.6a, 6b, 6c. 6d) is complemented by the slight enrichment 
of the elements Zr and Hf, which also act as proxy signatures for subduction settings 
(Bhatia 1981, Winter 2010). 
Despite this, due to overwhelming evidence provided by geochemical results of 
major and trace element discrimination analysis, it is interpreted that the Point 
Plomer and Crescent Head sequences are the products of two separate arc settings 
shedding sediment during the Carboniferous to Latest Permian. One of these arc 
settings is confirmed to be of a felsic affinity, located within the central portion of the 
southern New England Orogen. The origin of the second arc setting, with mafic-
intermediate, is currently unknown but is postulated by Buckman (2014) to be that of 


















CHAPTER 7 – DISCUSSION & CONCLUSION 
 
This project has identified a complex depositional and tectonic history for the 
sedimentary sequences of Point Plomer and Crescent Head. The stratigraphic data 
suggests that the Point Plomer and Crescent Head sequences are sourced from 
distinctly different island arc and continental arc regions respectively. The Point 
Plomer sequence is mapped as the ‘Boonanghi Beds’ (Roberts 1995) an immature, 
volcanoclastic sequence of mudstone, laminate, lithic sandstone, tuff, minor 
limestone and conglomerate, while the Crescent Head sequence is mapped as the 
‘Crescent Head Beds’ (Gillian 1987), a mature, clastic-rich sequence of massive 
sandstones, laminated sandstone, siltstone and conglomerate. 
Despite this, the stratigraphic data suggests the Point Plomer and Crescent Head 
sequences were deposited in very similar environments with very similar 
mechanisms. Both sequences are interpreted to have been deposited in deep-
marine, proximal-to-shelf settings, via high energy, cohesive and grain flows (Lowe 
1982, Walker 1986-a, Walker 1986-b).  
The close proximity of these two sequences to each other and the similar 
depositional environment as defined by the lithologies present, suggests that two 
distinctly different source regions were eroding sediment into the same or nearby 
depocentres. 
The petrographic data complements the intepretation the Point Plomer and Crescent 
Head sequences are sourced from distinctly different island arc and continental arc 
regions respectively. The Point Plomer sequences consists of quartz-poor, unstable 
mineral (feldspars, clinopyroxene and hornblende) and volcanic fragment-rich. 
Collectively, the Point Plomer sequence are classified as immature ‘lithic arkose’ 
sandstones on the Folk (1974) ‘QFR’ diagram, and the magmatic arc setting 
‘transitional arc’ on the Dickinson (1979) ‘QFL’ and ‘QmFLt’ diagrams.  
In contrast, the Crescent Head sequence consists of quartz-rich sandstones, 
siltstones, mudstones and conglomerates. Within this sequence, the samples show a 
maturation trending upwards from the bottom to the top of the sedimentary 
sequence, with the bottom component of the Crescent Head sequence plot as sub-
immature ‘lithic arkose’ sandstones while the top of the sequence plot as the sub-
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mature/mature ‘sub lithic arkose’ and ‘feldspathic litharenite’ on the Folk (1974) 
‘QFR’ diagram. On Dickinson (1979) provenance discrimination diagrams, Crescent 
Head samples plot predominantly in the ‘recycled’ provenance, while some samples 
plot in ‘dissected’ and ‘transitional arc’ on the Dickinson (1979) ‘QFL’ diagram, and 
‘mixed’, ‘dissected’ and ‘transitional’ provenances on the Dickinson (1979) ‘QmFLt’ 
diagram. These provenance classifications indicate the Crescent Head sequence is 
derived from a maturing continental arc setting, rich in quartz. 
The close proximity between each of the sequences, the differences in maturity level 
and mineralogical composition of sedimentary samples, suggests that two distinctly 
different source regions were eroding sediment into the same or nearby 
depocentres. 
The geochronological data complements the suggestion the Point Plomer and 
Crescent Head sequences are sourced from distinctly different island arc and 
continental arc regions respectively. The Crescent Head sequence produced a large 
yield of small igneous zircons, indicated by oscillatory zonation in the zircon crystal 
structure (Corfu 2003). The dated zircon yield indicated three separate zircon 
populations: a predominant Carboniferous age (~350 to 300 Ma) population, a 
diluted latest Permian age (~254 to 252 Ma) population and an older, inherited 
population sourced from Gondwana (~ 2286 to 422 Ma).   
In contrast, the Point Plomer sequence produced a small igenous zircon yield (n = 
8), indicated by oscillatory zonation of zircon crystal structure (Corfu 2003). The 
dated zircon yield (with duplicate results to confirm ages), indicate two separate 
zircon populations: three zircons of a broad Carboniferous age (~350 to 300 Ma) 
population and five zircons of a latest Permian (~254 to 252 Ma) age.  
Despite the maximum possible age of deposition for the Crescent Head and Point 
Plomer sequences interpreted to be the same (~254 to 252 Ma) in the latest Permian 
‘Changhsingian’. The differences in yield size and proportions of Permian, 
Carboniferous and inherited Gondwanan populations suggest that two distinctly 
different continental and island arc source regions were eroding sediment into the 
same or nearby depocentres. 
The geochemical data suggests that the Point Plomer and Crescent Head 
sequences are sourced from distinctly different island arc and continental arc regions 
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respectively. The normalised ‘N-MORB’ spider diagram by Sun (1989) and ‘MORB’ 
spider digram by Pearce (1983) RRE geochemical data for both the Crescent Head 
and Point Plomer sequences indicate negative anomalies of Nb and Ta, and the 
enrichment of Hf and Zr, interpreted as signatures of subduction-style settings 
(Winter 2010). This is supported by trace element data which indicates both the 
Crescent Head and Point Plomer sequences are derived from depleted mantle 
sources, but the Crescent Head sequence is derived from a more mature arc setting, 
in contrary to the Point Plomer sequence which has been derived from a less mature 
arc setting that has underone very little weathering (McLennan 1993). 
The major element data suggests that the Point Plomer and Crescent Head 
sequences are sourced from distinctly different island arc and continental arc regions 
respectively. Point Plomer has the low SiO2 and low K2O typical of an island arc 
provenance, while the Crescent Head sequence has the high SiO2 and high K2O 
typical of close proximity to an active continental arc (Bhatia 1981, Bhatia 1983).  
The close proximity of these two sequences to each other and the similar age as 
defined the youngest zircon population of the latest Permian suggests that two 
distinctly different source regions were eroding sediment into the same or nearby 
depocentres. 
There is no doubt the southern New England Orogen was an active continental 
convergent margin from the Carboniferous to Permian (McPhie 1987) but the source 
of more mafic-derived sediments with an island arc signature is a little more 
enigmatic. This may relate to the arrival of the Permian-aged, exotic Gympie terrane, 
which only crops out of the eastern margin of Queensland, but may have been more 
laterally (N-S) extensive originally with detritus mixing with New England Orogen 
derived sediment before the Gympie terrane collides with the eastern margin of 
Gondwana result in the Hunter-Bowen orogeny (Buckman 2014). This idea is similar 
to the ‘collision and obduction’ tectonic model proposed by Aitchison (2012), and 
expanded by (Buckman 2014).  
This tectonic model provides the first, and most probable explanation for the 
presence of what is interpreted as an intermingled sequence of continental and 
island arc derived sediment. 
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Fig. 7.1 is a schematic diagram based upon the ‘collision-obduction’ tectonic model 
proposed by Aitchison (2012), and expanded by (Buckman 2014), demonstrating the 
final stages of deposition during the latest Permian of the distinctly different Crescent 
Head and Point Plomer sequences. 
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Final location of Crescent Head to 
Point Plomer, sedimentary 
sequences. 
Fig. 7.1 – A schematic tectonic reconstruction of the final stages of deposition for the Crescent Head – Point Plomer sedimentary sequences on the eastern margin of Gondwana in the latest 
Permian. (~ 254 Ma to 252 Ma). 
137 
 
Adams, A. E., et al. (1984). Atlas of Sedimentary Rocks under the microscope. Essex, Great Britain, 
Longman Group Limited. 
  
Aitchison, J. C., and Buckman, S. (2012). "Accordion vs. quantum tectonics: insights into continental 
growth processes from the Palaeozoic of eastern Gondwana." Gondwana Research 22(2): 674-680. 
  
Aitchison, J. C., and Flood, P. G. (1992). "Early Permian transform margin development of the 
southern New England Orogen, Eastern Australia (Eastern Gondwana)." Tectonics 11(6): 1385-1391. 
  
Aitchison, J. C., and Flood, P. G., (1990). "Preliminary Tectonostratigraphic Terrane Map of the 
Southern part of the New England Orogen, Eastern Australia." Circum-Pacific Council for Energy and 
Mineral Resources, Earth Sciences Series 13: 5. 
  
Aitchison, J. C., Clark Blake Jr., M., Flood, P. G and Jayko, A. S. (1994). "Paleozoic ophiolitic 
assemblages within the southern New England orogen of eastern Australia: Implications for growth 
of the Gondwana margin." Tectonics 13(5): 1135-1149. 
  
Aitchison, J. C., Flood, P. G. and Spiller, F. C. P. (1992). "Tectonic setting and paleoenvironment of 
terranes in the southern New England orogen, eastern Australia as constrained by radiolarian 
biostratigraphy." Palaeogeography, Palaeoclimatology, Palaeoecology 94: 31 - 54. 
  
Aitchison, J. C. a. F., P. G. (1990). "Preliminary tectonostratigraphic terrane map of the southern part 
of the New England Orogen, eastern Australia." Circum-Pacific Council for Energy and Mineral 
Resources, Earth Science Series 13: 81 - 85. 
  
Argast, S., & Donnelly, T. W. (1987). "The chemical discrimination of clastic sedimentary 
components." Journal of Sedimentary Geology 57: 813-823. 
  
Armstrong, J. S., & Verma, S. P., (2005). "Critical evaluation of six tectonic setting discrimination 
diagrams using geochemical data of Neogene sediments from known tectonic settings." Sedimentary 
Geology 177: 155-129. 
  
Bann, K. L., Stuart, C. T., MacEachern, J. A., Fielding, C. R. & Jones, B. G. (2008). "Ichnological and 
sedimentologic signatures of mixed wave -and storm-dominated deltaic deposits: examples from the 
early Permian Sydney Basin, Australia." Society of Sedimentary Geology 90: 39. 
  
Bhatia, M. R. (1983). "Plate Tectonics and Geochemical Composition of Sandstones." The Journal of 
Geology 91(6): 26. 
  
Bhatia, M. R., & Crook, K. A. W. (1986). "Trace Element characterisitcs of greywackes and tectonic 
setting discrimination of sedimentary basins. ." Contributions to Mineralogy and Petrology 92: 12. 
  
Bhatia, M. R., and Taylor, S. R., (1981). "Trace-element geochemistry and sedimentary provinces: A 




Black, L. P., Kamo, S. L., Allen, C. M., Aleinikoff, J. N., Davis, D. W., Korsch, R. J., Foudoulis, C. (2003). 
"TEMORA 1: a new zircon standard for Phanerozoic U-Pb geochronology 
" Chemical Geology 200: 15. 
  
Black, L. P., Kamo, S. L., Allen, C. M., Davis, D. W., Aleinikoff, J. N., Valley, J. W., Mudil, R., Campbell, I. 
H., Korsch, R. J., Williams, I. S., Foudoulis, C. (2004). "Improved 206Pb/238U microprobe 
geochronology by the monitoring of a trace-element-related matrix effect; SHRIMP, ID–TIMS, ELA–
ICP–MS and oxygen isotope documentation for a series of zircon standards." Chemical Geology 205: 
25. 
  
Blake Jnr., M. C. a. M., B. L. (1988). A California Model for the New England Fold Belt, Department of 
Mineral Resources. 
  
Bouma, A. H. (1962). Sedimentology of Some Flysch Deposits. Amsterdam, Elsevier. 
  
Brunker, R. L., Offenberg, A. C., & Cameron, R. G. (1968). Hastings 1:250 000 Surface Geology Map, 
New South Wales. Sydney, New South Wales Geological Survey. 
  
Bryant, C. J., Arculus, R. J and Chappell, B. W. (1997). "Clarence River Supersuite: 250Ma Cordillerean 
Tonalitic I-type Intrusions in Eastern Australia." Journal of Petrology 38(8): 975 - 1001. 
  
Buckman, S., Nutman, A. P., Aitchison, J., Parker, J., Bembrick, S., Line, T., Hidaka, H. & Kamiichi, T. 
(2014). "The Watonga Formation and Tacking Point Gabbro, Port Macquarie, Australia: Insights into 
crustal growth mechanisms on the eastern margin of Gondwana." Gondwana Research. 
  
Cawood, P. A. (1982). "Structural relations in the subduction complex of the Palaeozoic New England 
Fold Belt, eastern Australia." The Journal of Geology 90: 381-392. 
  
Cawood, P. A. (1982). Tectonic reconstruction of the New England Fold Belt in the early Permian: an 
example of development at an oblique-slip margin. Symposium on the Geology of the New England 
Region. University of New England, Armidale: 25-34. 
  
Cawood, P. A. (1984). "A geochemical study of metabasalts from a subduction complex in eastern 
Australia." Chemical Geology 43: 29-47. 
  
Cawood, P. A. (2005). "Terra Australis Orogen: Rodinia breakup and development of the Pacific and 
Iapetus margins of Gondwana during the Neoproterozoic and Plaeozoic." Earth Science Reviews 69: 
30. 
  
Cawood, P. A., Leitch, E. C., Merle, R. E., & Nemchin, A. A. (2011a). "Orogenisis without collision: 
Stabilizing the Terra Australis accretionary orogen, eastern Australia." Geological Society of America 




Cawood, P. A. a. L., E. C. (1985). Accretion and dispersal tectonics of the Southern New England Fold 
Belt, eastern Australia. Tectonostraigraphic Terranes of the Circum-Pacific Region. Houston, Circum-
Pacific Council for Energy and Mineral Resources. 1: 481-492. 
  
Collins, W. J., Offler, R., Farrell, T. R. and Landenberger, B. (1993). A revised Late Palaeozoic-Early 
Mesozoic history of the southern New England Fold Belt. New England Orogen, Eastern Australia, 
Department of Geology and Geophysics, University of New England.: 69-84. 
  
Corfu, F., Hanchar, J. M, Hoskin, P. W. O., Kinny, P. (2003). "Atlas of Zircon Textures." Zircon: Reviews 
in Mineralogy & Geochemistry 53: 32. 
  
Day, R. W., Murray, C. G. & Whitaker, W. G. (1978). "The Eastern Part of the Tasman Orogenic Zone." 
Tectonophysics 48: 37. 
  
Deer, W. A., Howie, R. A. & Zussman, J. (1992). An introduction to The Rock-Forming Minerals. Essex, 
England, Longman Group. 
  
Dickinson, W. R. (1970). "Interpreting Detrital Modes of Greywacke and Arkose." Journal of 
Sedimentary Petrology 40(2): 7. 
  
Dickinson, W. R., Suczek, C. A. (1979). "Plate Tectonics and Sandstone Compositions." The American 
Association of Petroleum Geologist Bulletin 63(12): 18. 
  
Duller, P. R., & Floyd, J. D. (1995). "Turbidite geochemistry and provenance studies in the Southern 
Uplands of Scotland." Geology 132(5): 557 - 569. 
  
Eicher, D. L. (1968). Geological Time. Geological Time. Englewood Cliffs, New Jersey, Pretice-Hall, 
Inc.: 8. 
  
Fergusson, C. L. (1984). "Tectono-stratigraphy of a Palaeozoic subduction complex in the central 
Coffs Harbour Block of north-eastern New South Wales." Australian Journal of Earth Sciences 31: 217 
- 236. 
  
Folk, R. L. (1974). Petrology of Sedimentary Rocks. Austin, Texas, University of Texas, Austin. 
  
Gillian, L. B., Brownlow, J. W., & Cameron, R. G. (1987). Tamworth-Hastings 1:250,000 Metallogenic 
Map, New South Wales. Sydney, New South Wales Geologica Survey. 
  
Glen, R. A. (2005). "The Tasmanides of Eastern Australia: Terrane Processes at the Margins of 
Gondwana." Special Publication of the Geological Society, London: 73. 
  
Glen, R. A., and Roberts, J., (2012). "Formation of Oroclines in the New England Orogen, Eastern 




Gotze, J., Kempe, U., Habermann, D., Nasdala, L., Neuser, R. D. & Richter, D. K. (1999). "High-
resolution cathodoluminescence combined with SHRIMP ion probe measurements of detrial 
zircons." Mineralogical Magazine 63(2): 8. 
  
Hanchar, J. M., & Miller, C. F., (1993). "Zircon zonation patterns as revealed by cathodoluminescence 
and backscattered electron images: Implications for interpretation of complex crustal histories." 
Chemical Geology 110: 13. 
  
Harrington, H. J., and Korsch, R. J., (1987). "Oroclinal bending in the evolution of the Tamworth-
Yarrol Orogen and the Moreton basin." Australasian Institute of Mining and Metallurgy: 797-800. 
  
Holcombe, R. J., Stephens, C. J., Fielding, C. R., Gust, D., Little, T. A., Sliwa, R., McPhie, J. & Ewart, A. 
(1998). "Tectonic Evolution of the Northern New England Fold Belt: Carboniferous to Early Permian 
transition from active accretion to extension." Australian Journal of Earth Sciences: 25. 
  
Holland, H. D. (1978). The Chemistry of the Atmosphere and Oceans. New York, Wiley. 
  
Ireland, T. R. (1995). "Ion microprobe mass spectrometry: Techniques and applications in 
cosmochemistry, geochemistry and geochronology." Advances in Analytical Geochemistry 2: 118. 
  
Janousek, V., Farrow, C. M., and Erban, V., (2006). "Interpretation of whole-rock geochemical data in 
igenous geochemistry: introducing Geochemical Data Toolkit (GCDkit)." Journal of Petrology 47(6): 4. 
  
Korsch, R. J. (1993). Reconnaissance geology of the Solitary Islands: constrains on the geometry of 
the Coffs Harbour orocline., Department of Geology and Geophysics, University of New England, 
Armidale. 
  
Korsch, R. J., & Harrington, H. J. (1981). "Stratigraphic and structural synthesis of the New England 
Orogen." Journal of the Geological Society of Australia: An International Geoscience Journal of the 
Geological Society of Australia. 28(2): 19. 
  
Korsch, R. J., Adams, C. J., Black, L. P., Foster, D. A., Fraser, G. L., Murray, C. G., Foudoulis, C. & 
Griffin, W. L. (2009). "Geochronology and provenance of the Late Palaeozoic accretionary wedge and 
Gympie Terrane, New England Orogen, eastern Australia." Australian Journal of Earth Sciences 56(5): 
30. 
  
Korsch, R. J., Roser, B. P., and Kamprad, J. L., (1993). "Geochemical, petrographic and grain-size 
variations within a single turbidite beds." Sedimentary Geology 83: 15 - 35. 
  
Leitch, E. C. (1974). "The Geological Development of the southern part of the New England Fold 




Leitch, E. C. (1975). "Plate Tectonic Interpretation of the Palaeozoic History of the New England Fold 
Belt." Geological Society of America Bulletin 86(1): 4. 
  
Leitch, E. C. (1975). "Zonation of Low Grade regional metamorphic rocks, Nambucca Slate Belt, 
northwestern New South Wales." Journal of the Geological Society of Australia: An International 
Geoscience Journal of the Geological Society of Australia. 22: 413 - 422. 
  
Lennox, P. G. a. F., P. G. (1997). "Age and structural characterization of the Texas megafold, southern 
New England Orogen, eastern Australia." Tectonics and Metallogenesis of the New England 
Orogen(19): 161-177. 
  
Li, P., Rosenbaum, G. and Donchak, P. J. T. (2012). "Structural evolution of the Texas Orocline, 
eastern Australia." Gondwana Research. 
  
Lowe, D. R. (1982). "Sediment Gravity Flows: II. Depositional Models With Special Reference To The 
Deposts of High-Density Turbidity Currents." Journal of Sedimentary Petrology 52(1): 18. 
  
Ludwig, K. R. (1999). "Using Isoplot/Ex, Version 2, A Geochronological Toolkit for Microsoft Excel." 
Berkley Geochronology Center Special Publication 1a. 
  
MacKenzie, W. S., Guilford, C. (1980). Atlas of Rock-forming minerals in thin section. Essex, Great 
Britain, Longman Group Limited. 
  
Marsaglia, K. M., Ingersoll, R. V. (1992). "Compositional trends in arc-related, deep-marine sand and 
sandstone: A reassessment of magmatic-arc provenance." Geological Society of America Bulletin 
104(12): 12. 
  
McBride, E. F. (1963). "A Classification of Common Sandstones." Journal of Sedimentary Petrology 
33(3): 6. 
  
McLemore, V. T., Barker, J. M. (1987). "Some geological applications of cathodoluminescence, 
examples from the Lemitar Mountains and Riley travertine Soccoro County, New Mexico." New 
Mexico Geology: 4. 
  
McLennan, S. M. (1989). "Rare earth elements in sedimentary rocks: Influence of provenance and 
sedimentary processes." Mineralogy 21: 169 - 200. 
  
McLennan, S. M., Hemming, S., McDaniel, D. K., & Hanson, G. N. (1993). "Geochemical approaches to 
sedimentation, provenance and tectonics." Geological Society America (Special Paper) 284: 19. 
  
McPhie, J. (1984). "Permo-Carboniferous silicic volcanism and palaeogeography on the western edge 
of the New England Orogen, north-eastern New South Wales." Australian Journal of Earth Sciences 




McPhie, J. (1987). "Andean analogue for Late Carboniferous volcanic arc and arc flank environments 
of the western New England Orogen, New South Wales, Australia." Tectonophysics 138: 269 - 288. 
  
Middleton, G. V. (1960). "Chemical Composition of Sandstones." Geological Society of America 
Bulletin 71(7): 1011 - 1026. 
  
Miyashiro, A. (1974). "Volcanic rock series in island arcs and active continental margins." American 
Journal of Science 274: 321 - 355. 
  
Müller, D., Rock, N. & Groves, D. (1992). "Geochemical discrimination between shoshonitic and 
potassic volcanic rocks in different tectonic settings: A pilot study." Mineralogy and Petrology 46(4): 
259-289. 
  
Murray, C. G., Fergusson, C. L., Flood, P. G., Whitaker, W. G., and Korsch, R. J. (1987). "Plate Tectonic 
Model for the Carboniferous evolution of the New England Fold Belt." Australian Journal of Earth 
Sciences 34: 213-236. 
  
Murray, C. G., Fergusson, C. L., Flood, P. G., Whitaker, W. G., Korsh, R. J. (1987). "Plate tectonic 
model for the Carboniferous evolution of the New England Fold Belt." Australian Journal of Earth 
Sciences: An International Geoscience Journal of the Geological Society of Australia 34(2): 23. 
  
Offler, R. a. F., D. A. (2008). "Timing and development of the oroclines in the southern New England 
Orogen, New South Wales." Australian Journal of Earth Sciences 55: 331-340. 
  
Parker, J. (2010). Analysis of Port Macquarie Serpentinite Mélange. School of Earth and 
Environmental Sciences. Wollongong, University of Wollongong. Science (Hons): 108. 
  
Pearce, J., Harris, N. & Tindle, A. (1984). "Trace element discrimination diagrams for the tectonic 
interpretation of granitic rocks." Journal of Petrology 25(4): 956-983. 
  
Pearce, J. A. (1983). Role of the sub-continental lithosphere in magma genesis at active continental 
margins. Continental Basalts and mantle xenoliths. England: 230 - 249. 
  
Pearce, J. C., J. (1973). "Tectonic setting of basic volcanic rocks determined using trace element 
analyses." Earth and Planetary Science Letters 19: 290 - 300. 
  
Peterson, J. A. (2009). Geochemical Provenance of Clastic Sedimentary Rocks in the Western 
Cordillera: Utah, Colorado, Wyoming and Oregon. Geology. Utah State University, Utah State 
University. Masters. 
  
Pettijohn, F. J. (1954). "Classification of Sandstones." The Journal of Geology 62(4): 5. 
  
Piper, P. Z. (1974). "Rare earth elements in sedimentary cycle: a summary." Chemical Geology 14: 




Prothero, D. R., and Schwab, F., (1996). "Sedimentary Geology." 48-51. 
  
Roberts, J., & Engel, B. A., (1980). "Carboniferous palaeogeography of the Yarrol and New England 
Orogens, eastern Australia." Journal of the Geographical Society of Australia 27: 167 - 186. 
  
Roberts, J., & Engel, B. A., (1987). "Depositional and tectonic history of the southern New England 
Orogen." Australian Journal of Earth Sciences: An International Geoscience Journal of the Geological 
Society of Australia 34(1): 1 - 20. 
  
Roberts, J., Leitch, E. C., Lennox, P. G. & Offler, R. (1995). "Devonian-Carboniferous stratigraphy of 
the southern Hastings Block, New England Orogen, eastern Australia." Australian Journal of Earth 
Sciences: An International Geoscience Journal of the Geological Society of Australia 42(6): 24. 
  
Rollinson, H. (1993). Using Geochemical Data: Evaluation, Presentation, Interpretation. Essex, 
England, Longman Scientific and Technical, Longman Group UK Limited. 
  
Roser, B. P., & Korsch, R. J. (1986). "Determination of tectonic setting of sandstone-mudstone suites 
using SiO2 content and K2O/Na2O Ratio." The Journal of Geology 94(5): 635 - 650. 
  
Scheibner, E. (1976). Explanatory Notes on the tectonic map of New South Wales., Geological Survey 
of New South Wales: 283. 
  
Scheibner, E. (1996). Geology of New South Wales, Volume 1: Structural Framwork. Sydney, 
Department of mineral resources: Geological Survey of New South Wales. 
  
Schmidt, P. W., Aubourg, C., Lennox, P. G. and Roberts, J. (1994). "Palaeomagnetism and tectonic 
rotation of the Hastings Block." Australian Journal of Earth Sciences 41: 547-560. 
  
Shaanan, U., Rosenbaum, G., Li, P. & Vasconcelos, P. (2014). "Structural evolution of the early 
Permian Nambucca Block (New England Orogen, eastern Australia) and implications for oroclinal 
bending." Tectonics 33: 19. 
  
Sun, S. S., and McDonough, W. F., (1989). "Chemical and isotopic systematics of oceanic basalts: 
implications for mantle composition and processes." Geological Society London Special Publication 
42: 313 - 345. 
  
Taylor, S. R., & McLennan S. M., (1985). The Continental Crust: Its Composition and Evolution. 
London, Blackwell. 
  
Walker, R. G. (1975). "Generalised Facies Models for Resedimente Conglomerates of Turbidite 
Association." Geological Society of America Bulletin 86(6): 11. 
  




Walker, R. G. (1986-b). "Turbidites and Submarine Fans." Facies Models: 22. 
  
Williams, I. S. (1998). "U-Th-Pb Geochronology by Ion Microprobe." Geochronology and Isotope 
Geochemistry: 35. 
  
Winchester, J., & Floyd, P. (1977). "Geochemical discrimination of different magma series and their 
differentiation products using immobile elements." Chemical Geology 20: 325 - 343. 
  












































Sample Site Coordinates Location Name Rock Type - QFR Classification 
AB01 152°59’2.19” E,  31°11’10.1” S Killick Beach Sandstone - Sub Lithic-Arkose 
AB02 152°59’2.19” E,  31°11’12.87” S Pebbly Beach (Nth) Sandstone - Feldspathic Litharenite 
AB03 152°59’0.36” E,  31°11’12.00” S Pebbly Beach (Nth) Conglomerate - Feldspathic Litharenite 
AB04 152°59’0.45” E,  31°11’12.14” S Pebbly Beach (Nth) 
Sandstone - Sub Lithic-
Arkose/Feldspathic Litharenite 
AB05 152°59’0.50” E,  31°11’11.72” S Pebbly Beach (Nth) Mudstone/Siltstone 
AB06 152°59’1.01” E,  31°11’12.65” S Pebbly Beach (Nth) Conglomerate 
AB07 152°59’1.73” E,  31°11’12.75” S Pebbly Beach (Nth) Silty Sandstone - Sub Lithic-Arkose 
AB08 152°58’55.89” E,  31°11’17.85” S Pebbly Beach (Sth) Sandstone 
AB09 152°58’56.21” E,  31°11’19.36” S Pebbly Beach (Sth) Sandstone - Feldspathic Litharenite 
AB10-a 152°58’55.99” E,  31°11’18.91” S Pebbly Beach (Sth) Sandstone - Feldspathic Litharenite 
AB10-b 152°58’56.21” E,  31°11’18.81” S Pebbly Beach (Sth) Sandstone - Lithic Arkose 
AB11 152°58’55.70” E,  31°11’18.29” S Pebbly Beach (Sth) Sandstone 
AB12 152°59’3.09” E,  31°11’11.99” S Pebbly Beach (Nth) Sandstone - Lithic Arkose 
AB13 152° 59’3.09” E,  31°11’11.45” S Pebbly Beach (Nth) Sandstone - Sub Lithic-Arkose 
AB14 152°59’3.25” E,  31°11’10.78” S Pebbly Beach (Nth) Sandstone - Sub Lithic-Arkose 
AB15 152°58’36.5” E,  31°11’45.66” S Goolawah Beach (Nth) Sandstone - Lithic Arkose 
AB16 152°58’37.35” E,  31°11’46.02” S Goolawah Beach (Nth) Sandstone - Feldspathic Litharenite 
AB17 152° 58’38.34” E,  31°11’46.60” S Goolawah Beach (Nth) Sandstone - Lithic Arkose 
AB18 152°58’25.45” E,  31°11’57.30” S Goolawah Beach (Nth) Silty Sandstone - Lithic Arkose 
AB19 152°59’0.75” E,  31°11”12.49” S Pebbly Beach (Nth) Conglomerate - Feldspathic Litharenite 
        
CH01 152°59’2.19” E,  31°11’10.10” S Killick Beach Sandstone - Feldspathic Litharenite 
CH01-a 152°59’2.19” E,  31°11’12.87” S Killick Beach Sandstone - Feldspathic Litharenite 
CH02 152°59’0.23” E,  31°11’9.83” S Killick Beach Sandstone - Sub Lithic-Arkose 
        
PP01 152°58’18.22” E,  31°19’16.57” S Queens Head Beach Sandstone/Shale - Lithic Arkose 
PP02 152°58’17.61” E,  31°19’14.20” S Queens Head Beach Sandstone/Shale - Lithic Arkose 
PP03 152°58’22.19” E,  31°19’3.73” S Back Beach Sandstone/Shale - Lithic Arkose 
PP04 152°58’25.07” E,  31°19’3.14” S Back Beach Sandstone/Shale - Lithic Arkose 
PP05 152°58’26.90” E,  31°18’52.48”  S Back Beach Siltstone/Mudstone - Lithic Arkose 
PP06-a 152°58’21.47” E,  31°18’41.15” S Point Plomer Sandstone w. Mudstone - Lithic Arkose 
PP06-b 152°58’20.15” E,  31°18’40.85” S Point Plomer Mudstone 
PP06-c 152°58’19.10” E,  31°18’41.42” S Point Plomer Sandstone - Lithic Arkose 
PP07 152°58’11.01”E,  31°16’42.26” S Limeburners' Creek Sandstone - Lithic Arkose 
PP08-a 152°57’49.92” E,  31°15’2.93” S Racecourse Head Siltstone/Mudstone - Lithic Arkose 
PP08-b 152°57’49.55” E,  31°15’2.78” S Racecourse Head Sandstone - Lithic Arkose 
        
















































Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 LOI Total 
PP01 4.94 2.06 17.11 56.49 0.35 2.31 5.61 0.97 0.95 0.11 5.91 2.72 99.52 
PP02  5.89 1.52 17.80 58.35 0.27 0.45 4.55 1.81 0.84 0.20 5.38 2.06 99.10 
PP03 5.48 1.19 16.86 63.96 0.15 1.07 4.16 1.49 0.75 0.07 3.56 1.88 100.62 
PP04 5.74 1.96 18.16 57.94 0.28 0.37 3.49 3.21 1.06 0.17 5.81 2 100.2 
PP05 6.28 2.2 17.24 59.52 0.37 0.35 3.03 1.97 1.07 0.14 5.65 2.19 100.03 
PP06-b 2.72 1.54 14.21 65.89 0.14 1.46 5.18 1.85 0.93 0.07 4 2.91 100.9 
PP06-c 6.38 2.14 17.15 59.41 0.29 0.51 2.89 2.14 1.01 0.15 5.79 1.99 99.85 
PP07 2.45 1.65 14.6 65.7 0.14 1.21 4.35 2.61 0.98 0.08 4.52 2.54 100.83 
PP08-a 5.4 1.07 16.82 61.59 0.13 1.81 4.94 2.06 0.68 0.07 3.44 2.55 100.55 
PP08-b 5.54 1.47 17.36 60.34 0.33 1.12 4.33 2.51 0.82 0.11 3.93 2.17 100.04 
AB01 3.21 0.99 13.41 73.16 0.09 0.05 3.14 0.25 0.53 0.03 2.93 2.63 100.43 
AB02 3.12 0.34 14.07 74.63 0.01 0.05 2.72 0.14 0.5 0.01 0.64 2.87 99.09 
AB03 2.68 0.39 13.88 76.02 0.01 0.04 2.63 0.15 0.54 0.01 1.29 3.26 100.88 
AB04 3.22 0.48 14.91 74.35 0.01 0.02 3.41 0.18 0.6 0.01 0.81 2.69 100.69 
AB05 1.24 0.86 17.14 68.05 0.01 0.04 4.51 0.11 0.76 0.01 1.56 5.69 99.97 
AB07 3.21 0.38 14.47 73.39 0.01 0.03 2.88 0.13 0.53 0.01 0.79 3.51 99.34 
AB09 2.92 0.99 12.42 75.13 0.08 0.02 2.67 0.27 0.49 0.03 3.17 2.02 96.31 
AB10-a 3.29 0.88 12.73 73.58 0.08 0.02 2.57 0.24 0.5 0.03 2.84 2.75 95.34 
AB10-b 3.09 0.37 13.93 76.45 0.06 0.02 2.72 0.13 0.53 0.01 0.88 2.71 97.43 
AB12 2.81 0.30 12.83 76.68 0.02 0.04 2.68 0.23 0.56 0.01 0.66 2.47 96.18 
AB13 2.92 1.08 12.47 73.18 0.1 0.09 2.84 0.53 0.48 0.03 3.51 2.09 95.33 
AB14 2.97 1.01 12.37 74.5 0.06 0.05 2.74 0.4 0.46 0.03 3.21 2.09 95.91 
AB15 3.55 0.72 12.95 74.74 0.02 0.03 2.45 0.13 0.5 0.02 2.18 2 99.29 
AB16 3.35 1.01 12.28 74.28 0.09 0.13 2.45 0.35 0.48 0.04 3.14 1.82 99.96 
AB17 3.06 0.81 12.34 74.45 0.07 0.02 2.70 0.41 0.46 0.03 3.02 2.59 99.97 
AB18 2.43 0.4 13.05 75.8 0.01 0.01 4.05 0.07 0.30 0.02 1.44 1.83 99.39 
AB19 3.51 0.43 13.65 74.86 0.01 0.07 2.68 0.17 0.56 0.01 0.74 2.97 99.65 
CH01 3.14 0.38 13.97 75.13 0.04 0.03 2.72 0.16 0.51 0.01 0.58 3.23 99.89 
































Cl V Cr Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr Nb Mo Cd Sn Sb Cs Ba La Ce Hf Ta W Hg Pb Bi Th U 
PP01 669 77 68 9 7 12 93 20 1 15 0.1 3 141 297 39 276 8 0 1 3 2 3 903 27 70 7 1 2 0 29 0 12.3 5 
PP02 95 91 85 12 8 7 93 19 2 5 0.0 1 118 341 30 228 7 0.1 1 4 4 3 761 35 83 6 0 0.7 0.1 26 0.1 10.5 4.6 
PP03 401 64 91 3.8 6 7 90 16 2 6 0.0 1 121 502 34 260 8 0.1 1 7 2 3 1036 12 41 5 1 1 0.1 27 0.1 11.2 5.2 
PP04 292 116 71 12 10 8 91 19 2 5 0.0 1 97 466 31 191 6 0.1 1 0 2 3 614 26 54 4 1 1 0.1 21 0.1 8.4 3.3 
PP05 740 108 67 12 9 11 101 20 2 3 0.0 2 80 319 35 214 7 0.1 1 3 2 3 698 32 59 6 1 0.1 0.1 23 0.1 9.2 3.2 
PP06-b 998 155 87 17 25 32 93 16 2 7 1.0 3 150 360 25 198 7 0.1 1 2 1 1 1225 22 67 6 3 1 0.1 19 0.1 7.8 2.8 
PP06-c 212 111 62 12 9 11 99 20 2 2 0.0 0 79 321 34 211 7 0.1 1 5 2 3 727 30 83 6 1 0.1 1 23 0.1 8.8 3.3 
PP07 328 158 94 15 27 35 97 17 2 8 1.0 1 150 461 22 161 6 0.1 1 4 2 4 1019 16 48 4 2 0.7 0.1 18 0.1 7.1 2 
PP08-a 541 63 63 5 7 15 63 16 3 10 1.0 2 132 278 25 238 7 0.1 1 6 3 3 1035 15 30 4 1 3 0.1 29 0.1 9.7 4.2 
PP08-b 348 82 72 6 7 9 85 19 2 8 0.0 1 119 390 37 230 7 0.1 0 4 2 3 817 31 100 5 1 2 0.1 25 0.1 9.9 4.7 
AB01 3289 83 151 6 15 12 45 13 0 7 0 8 101 176 22 198 6 0.1 1 7 2 3 476 29 38 4 4 3 1 11 0.1 7.9 1.6 
AB02 2957 64 106 4 5 6 9 14 1 1 0.1 6 88 167 16 157 6 0.1 1 12 4 3 492 29 40 3 5 4 0.1 7 0.1 8.2 2.2 
AB03 1680 69 140 3.5 6 4 12 14 1 2 0 8 88 151 14 173 6 0.1 1 9 2 3 582 <2.0 22 4 4 4 1 8 0.1 6.9 1.3 
AB04 2060 73 120 2 5 5 14 16 2 3 0 3 111 182 17 289 8 0.1 1 7 0.1 3 540 33 45 6 5 4 0.1 13 0.1 9 2 
AB05 17515 123 107 2 7 9 15 19 2 3 0 14 179 82 16 269 10 0.1 0.1 10 0.1 3 482 19 29 5 19 4 0.1 5 0.1 10.4 2.85 
AB07 7432 71 104 2 5 7 11 15 1 4 0 10 96 158 19 198 7 0.1 0.1 11 0.1 3 498 25 25 4 3 4 0.1 9 0.1 9 2 
AB09 48 73 116 9 17 13 63 13 1 4 0 1 86 179 21 179 6 0.1 0.1 5 2 3 441 20 41 4 3 1 0.1 10 0.1 7.6 2.65 
AB10-a 101 72 130 8 15 13 57 14 1 3 0 1 87 165 26 178 6 0.1 0.1 6 2 3 447 25 20 4 3 2 0.1 10 0.1 7.65 2.2 
AB10-b 824 71 99 2 5 3 10 15 2 2 0.1 3 90 177 22 180 6 0.1 0.1 8 2 3 541 43 80 4 6 4 0.1 17 0.1 7.95 1.95 
AB12 4679 52 161 2 11 4 9 13 2 2 0 9 86 175 23 291 7 0.1 1 10 2 3 469 49 86 6 6 5 0.1 11 0.1 7.9 2.1 
AB13 3386 69 129 6 18 11 67 13 2 4 0 8 87 187 22 198 6 0.1 0.1 5 2 3 503 25 59 5 2 1 0.1 9 0.1 6.8 1.6 
Ab14 2040 72 131 10 19 12 63 12 0 3 0 3 85 188 19 163 6 0.1 0.1 6 2 3 496 28 49 4 2 1 2 10 0.1 7.3 2 
AB15 1149 75 95 8 11 13 51 13 2 8 0 3 82 156 23 155 6 0.1 0.1 8 2 3 397 28 49 5 40 2 0.1 10 0.1 6.9 1.9 
AB16 1483 72 177 14 18 12 59 13 2 5 0 3 77 164 22 153 6 0.1 1 8 2 3 390 34 52 4 3 2 0.1 9 0.1 7.3 2.1 
AB17 1264 82 195 11 20 14 40 13 1 7 0 2 96 154 20 188 6 0.1 0.2 6 2 3 445 28 <2.0 4 4 3 2 12 0.1 6.8 1.8 
AB18 2110 37 85 2 6 4 28 18 3 3 0 4 166 119 34 286 9 0.1 0.2 7 2 3 926 30 <4.4 6 4 5 0.1 8 0.1 13 2.9 
AB19 13330 64 102 2 5 11 13 15 2 6 0 22 88 177 20 182 7 0.1 0.1 7 2 3 447 32 46 4 4 4 0.1 12 0.1 8.3 1.6 
CH01 1435 55 67 3 4 4 9 14 2 3 0 3 91 209 23 161 6 0 1 10 2 3 503 52 111 4 6 4 0 15 0.1 7.7 2.9 









RARE EARTH ELEMENTS 
  Ba Ce Cr Cs Dy Er Eu Ga Gd Hf Ho K La Lu Nb Nd P Pr Rb Sm Sn Sr Ta Tb Th Ti Tm U V W Y Yb Zr 
PP02 782 56.9 90 1.61 5.24 3.3 1.96 20.6 5.97 5.7 1.05 37765 26.7 0.47 7.6 29.5 1177 7.52 129.5 6.23 3 368 0.7 0.89 10.6 5032 0.47 3.77 86 1 32.4 2.91 241 
PP06-b 1260 51.7 90 3.56 5.15 2.8 1.8 17.7 5.69 5.3 0.99 42994 29.9 0.43 8.3 27.5 610.4 6.88 166.5 5.93 3 387 0.7 0.88 7.72 5571 0.43 2.34 139 6 27.1 2.72 205 
PP06-c 766 61.7 70 1.17 5.88 3.48 2.31 21.8 6.78 5.4 1.2 23987 28.2 0.5 7.9 33.7 1264 8.38 91.3 7.01 3 344 0.6 1.03 9.33 6050 0.45 3.18 101 3 35.7 3.3 230 
PP08-a 1045 38.9 60 1.88 4.73 3.02 1.41 16.3 5.01 5.7 0.94 41002 16.5 0.52 7.7 21.6 566.8 5.48 147 4.73 3 299 0.6 0.76 9.77 4073 0.45 3.56 54 3 26.6 3.29 241 
PP08-b 858 80.4 70 1.55 6.72 4.06 2.58 20.2 7.79 5.8 1.34 35939 36.8 0.61 8.1 42.1 1439 10.55 133 8.26 2 430 0.6 1.14 9.94 4912 0.59 3.62 77 5 40.1 3.75 249 
AB02 495 47.8 100 2.24 2.94 2 0.94 15.7 3 4.6 0.58 22576 21.5 0.32 7.1 21.6 43.6 5.95 99.8 3.87 2 180.5 0.6 0.45 9 2995 0.31 2.38 62 3 16.8 2.07 180 
AB03 633 28.2 140 2.55 2.07 1.82 0.48 15.7 1.84 4.8 0.46 21829 16 0.3 7.5 11 43.6 3.21 99.1 2.09 2 162.5 0.6 0.29 8.01 3235 0.31 2.25 65 2 15.2 1.96 190 
AB05 514 34.3 100 6.41 2.62 2.26 0.52 21.7 2.19 6.8 0.62 37433 17.4 0.45 10.8 14.2 46.3 4 195 2.58 6 85 0.8 0.37 10.8 4552 0.32 3.11 123 5 19.2 2.45 270 
AB09 463 45.5 120 2.49 3.78 2.34 1.08 14.7 3.88 5 0.74 22161 22.2 0.37 7 21.9 348.8 5.76 96.4 4.52 3 195.5 0.5 0.61 7.98 2935 0.34 2.15 77 3 22.1 2.27 196 
AB10-a 473 50.4 130 2.44 4.55 2.76 1.16 15.7 4.87 4.9 0.92 21331 25.4 0.39 7.3 25 348.8 6.59 98.9 4.9 4 182 0.5 0.78 8.56 2995 0.35 2.28 76 1 28.7 2.57 197 
AB10-b 576 81.9 100 1.94 4.12 2.3 1.76 16.1 6.07 4.8 0.76 22576 39.3 0.37 7.6 42.5 261.6 10.85 99.9 7.55 3 191.5 0.5 0.78 8.76 3175 0.34 2.35 75 1 23 2.3 189 
AB17 454 42.2 200 3.61 3.52 2.21 1.16 14.5 3.72 5.2 0.68 22410 21.1 0.35 7.3 19.2 305.2 5.31 109 3.96 2 165.5 0.5 0.58 7.96 2755 0.33 2.06 78 1 22 2.2 209 







































Labels Site U/ppm Th/ppm Th/U f206% 238U / 206Pb 207U / 206Pb 206Pb / 238U Method 
CH01 - Killick Beach, Crescent Head 
CH01-1.1 e,osc,pr,fr 881 445 0.505 <0.01 19.848 ± 0.489 0.0523 ± 0.0012 317 ± 8 U-Pb 
CH01-1.2 e,osc,pr,fr 411 181 0.439 <0.01 20.608 ± 0.772 0.0528 ± 0.0015 305 ± 11 U-Pb 
CH01-2.1 e,osc,pr,fr 124 90 0.728 0.01 18.789 ± 0.481 0.0533 ± 0.0053 334 ± 8 U-Pb 
CH01-3.1 e,osc,pr,fr 514 439 0.855 <0.01 19.717 ± 0.395 0.0525 ± 0.0015 319 ± 6 U-Pb 
CH01-4.1 e,osc,pr,fr 149 91 0.612 <0.01 18.808 ± 0.469 0.0530 ± 0.0032 334 ± 8 U-Pb 
CH01-5.1 e,osc,pr,fr 203 116 0.573 <0.01 17.429 ± 0.903 0.0537 ± 0.0026 360 ± 18 U-Pb 
CH01-6.1 e,osc,pr,fr 288 221 0.767 <0.01 18.420 ± 0.353 0.0511 ± 0.0019 341 ± 6 U-Pb 
CH01-7.1 e,osc,pr,fr 1119 768 0.686 <0.01 18.376 ± 0.568 0.0532 ± 0.0015 342 ± 10 U-Pb 
CH01-8.1 e,osc,pr,fr 166 72 0.431 <0.01 18.517 ± 1.052 0.0536 ± 0.0034 339 ± 19 U-Pb 
CH01-9.1 e,osc,pr,fr 162 142 0.873 <0.01 19.006 ± 0.952 0.0524 ± 0.0030 331 ± 16 U-Pb 
CH01-10.1 e,osc,pr,fr 116 138 1.192 <0.01 19.289 ± 0.495 0.0528 ± 0.0034 326 ± 8 U-Pb 
CH01-11.1 e,osc,ov,fr 321 167 0.520 <0.01 18.715 ± 0.428 0.0534 ± 0.0020 336 ± 7 U-Pb 
CH01-12.1 e,osc,pr,fr 135 73 0.543 <0.01 17.166 ± 0.424 0.0545 ± 0.0025 365 ± 9 U-Pb 
CH01-13.1 e,osc,pr,r 111 52 0.472 0.01 17.539 ± 0.539 0.0500 ± 0.0049 357 ± 11 U-Pb 
CH01-15.1 e,osc,pr,fr 134 66 0.492 <0.01 18.124 ± 0.449 0.0548 ± 0.0020 346 ± 8 U-Pb 
CH01-16.1 e,osc,pr,fr 273 126 0.463 <0.01 25.409 ± 0.593 0.0485 ± 0.0019 249 ± 6 U-Pb 
CH01-17.1 m,osc,pr,fr 175 87 0.497 <0.01 17.845 ± 0.444 0.0509 ± 0.0024 351 ± 9 U-Pb 
CH01-19.1 o,osc,pr,fr 197 165 0.834 <0.01 21.191 ± 0.790 0.0523 ± 0.0017 297 ± 11 U-Pb 
CH01-20.1 e,osc,pr,fr 222 108 0.487 <0.01 18.077 ± 0.535 0.0513 ± 0.0031 347 ± 10 U-Pb 
CH01-21.1 e,osc,pr,fr 192 248 1.288 <0.01 20.928 ± 0.642 0.0505 ± 0.0024 301 ± 9 U-Pb 





























CH01-23.1 e,osc,pr,fr 509 433 0.852 <0.01 17.135 ± 0.509 0.0527 ± 0.0008 366 ± 11 U-Pb 
CH01-24.1 e,osc,ov,r 142 93 0.655 <0.01 18.393 ± 0.537 0.0522 ± 0.0032 341 ± 10 U-Pb 
CH01-25.1 e,osc,pr,fr 901 631 0.700 <0.01 21.267 ± 0.458 0.0521 ± 0.0009 296 ± 6 U-Pb 
CH01-26.1 e,osc,pr,fr 246 192 0.779 <0.01 25.331 ± 0.622 0.0518 ± 0.0015 250 ± 6 U-Pb 
CH01-27.1 e,osc,pr,fr 961 822 0.855 <0.01 19.078 ± 0.508 0.0528 ± 0.0008 329 ± 9 U-Pb 
CH01-28.1 e,osc,ov,r 158 106 0.669 <0.01 18.443 ± 0.456 0.0538 ± 0.0015 340 ± 8 U-Pb 
CH01-34.1 e,osc,pr,fr 150 78 0.517 <0.01 17.983 ± 0.522 0.0540 ± 0.0019 349 ± 10 U-Pb 
CH01-35.1 e,osc,pr,fr 348 163 0.467 <0.01 25.244 ± 0.684 0.0499 ± 0.0012 250 ± 7 U-Pb 
CH01-38.1 e,osc,pr,fr 171 139 0.812 <0.01 20.347 ± 0.564 0.0499 ± 0.0033 309 ± 8 U-Pb 
CH01-40.1 e,osc,ov,fr 128 109 0.853 <0.01 19.112 ± 0.544 0.0542 ± 0.0023 329 ± 9 U-Pb 
CH01-55.1 e,osc,pr,fr 243 139 0.572 <0.01 18.577 ± 0.669 0.0509 ± 0.0020 338 ± 12 U-Pb 
CH01-56.1 m,osc,pr,fr 98 101 1.033 < 0.01 20.014 ± 0.503 0.0498 ± 0.0032 314 ± 8 U-Pb 
CH01-58.1 e,osc,pr,fr 166 209 1.259 <0.01 18.164 ± 0.462 0.0509 ± 0.0023 345 ± 9 U-Pb 
CH01-59.1 e,osc,pr,fr 157 84 0.532 <0.01 17.446 ± 0.498 0.0531 ± 0.0023 359 ± 10 U-Pb 
CH01-60.1 e,osc,pr,fr 150 81 0.537 <0.01 17.857 ± 0.541 0.0516 ± 0.0020 351 ± 10 U-Pb 
CH01-61.1 e,osc,pr,fr 171 159 0.932 <0.01 20.913 ± 0.596 0.0530 ± 0.0028 301 ± 8 U-Pb 
CH01-63.1 e,osc,ov,fr 119 60 0.501 <0.01 12.391 ± 0.361 0.0522 ± 0.0025 500 ± 14 U-Pb 






























CH02 - Killick Beach, Crescent Head 
    CH02-1.1 e,osc,pr,fr 209 163 0.777 < 0.01 20.359 ± 0.645 0.0528 ± 0.0022 309 ± 10 U-Pb 
    CH02-2.1 e,osc,pr,fr 93 60 0.644 0.01 20.027 ± 0.650 0.0431 ± 0.0076 314 ± 10 U-Pb 
    CH02-3.1 e,osc,pr,fr 286 192 0.672 < 0.01 19.284 ± 0.599 0.0533 ± 0.0012 326 ± 10 U-Pb 
    CH02-4.1 e,osc,pr,fr 102 52 0.508 < 0.01 17.527 ± 0.598 0.0571 ± 0.0098 358 ± 12 U-Pb 
    CH02-5.1 e,osc,pr 64 26 0.405 < 0.01 18.329 ± 0.767 0.0556 ± 0.0074 342 ± 14 U-Pb 
    CH02-6.1 e,osc,eq,fr 396 308 0.779 < 0.01 21.326 ± 0.593 0.0530 ± 0.0011 295 ± 8 U-Pb 
    CH02-6.2 e,osc,eq,fr 432 354 0.818 < 0.01 20.952 ± 0.413 0.0528 ± 0.0023 301 ± 6 U-Pb 
    CH02-7.1 e,osc,pr,fr 133 106 0.796 < 0.01 15.998 ± 0.494 0.0548 ± 0.0023 391 ± 12 U-Pb 
    CH02-8.1 m,osc,ov,fr 132 72 0.543 < 0.01 17.624 ± 0.603 0.0532 ± 0.0023 356 ± 12 U-Pb 
    CH02-9.1 e,osc,ov,fr 361 151 0.418 < 0.01 8.087 ± 0.260 0.0639 ± 0.0035 752 ± 23 U-Pb 
   CH02-10.1 e,osc,pr,fr 261 238 0.909 < 0.01 19.512 ± 0.809 0.0525 ± 0.0045 322 ± 13 U-Pb 
   CH02-11.1 e,osc,pr 414 83 0.201 < 0.01 14.710 ± 0.442 0.0554 ± 0.0016 424 ± 12 U-Pb 
   CH02-12.1 e,osc,ov,fr 84 64 0.766 < 0.01 18.666 ± 0.647 0.0559 ± 0.0028 336 ± 11 U-Pb 
   CH02-13.1 e,osc,pr 262 174 0.663 < 0.01 18.139 ± 0.745 0.0551 ± 0.0026 346 ± 14 U-Pb 
   CH02-14.1 e,osc,pr,fr 247 241 0.976 < 0.01 19.753 ± 0.618 0.0548 ± 0.0022 318 ± 10 U-Pb 






   CH02-16.1 e,osc,pr,fr 808 258 0.319 < 0.01 18.396 ± 0.465 0.0533 ± 0.0009 341 ± 8 U-Pb 
   CH02-17.1 m,osc,ov,fr 164 93 0.565 <0.01 21.104 ± 0.741 0.0505 ± 0.0030 298 ± 10 U-Pb 
   CH02-18.1 e,osc,pr,fr 965 1021 1.058 < 0.01 20.590 ± 0.555 0.0525 ± 0.0007 306 ± 8 U-Pb 
   CH02-19.1 e,osc,pr,fr 139 53 0.383 < 0.01 17.512 ± 0.449 0.0547 ± 0.0020 358 ± 9 U-Pb 
   CH02-20.1 e,osc,pr,fr 609 370 0.607 < 0.01 18.793 ± 0.660 0.0516 ± 0.0014 334 ± 11 U-Pb 
   CH02-21.1 e,osc,pr,fr 432 240 0.556 < 0.01 19.155 ± 0.805 0.0550 ± 0.0013 328 ± 13 U-Pb 
   CH02-22.1 e,osc,pr,fr 563 306 0.544 < 0.01 19.042 ± 0.624 0.0529 ± 0.0008 330 ± 11 U-Pb 
   CH02-23.1 e,osc,ov,r 159 217 1.364 < 0.01 18.935 ± 0.553 0.0524 ± 0.0120 332 ± 9 U-Pb 
   CH02-24.1 e,osc,pr 69 95 1.390 < 0.01 21.674 ± 0.929 0.0501 ± 0.0058 291 ± 12 U-Pb 
   CH02-24.2 e,osc,pr 86 124 1.437 < 0.01 20.817 ± 0.779 0.0521 ± 0.0087 302 ± 11 U-Pb 
   CH02-25.1 e,osc,pr,fr 399 285 0.714 < 0.01 19.449 ± 0.562 0.0540 ± 0.0015 323 ± 9 U-Pb 
   CH02-26.1 e,osc,pr,r 427 297 0.695 < 0.01 19.339 ± 0.566 0.0523 ± 0.0013 325 ± 9 U-Pb 
   CH02-27.1 e,osc,pr,fr 169 102 0.603 < 0.01 17.240 ± 0.395 0.0567 ± 0.0017 363 ± 8 U-Pb 
   CH02-28.1 e,osc,pr,fr 187 186 0.995 0.01 18.220 ± 1.813 0.0472 ± 0.0053 344 ± 33 U-Pb 
   CH02-29.1 e,osc,pr,fr 174 100 0.577 0.01 19.719 ± 0.730 0.0507 ± 0.0047 319 ± 12 U-Pb 
   CH02-30.1 e,osc,ov,fr 188 89 0.473 < 0.01 17.796 ± 0.420 0.0534 ± 0.0028 352 ± 8 U-Pb 
   CH02-30.2 e,osc,ov,fr 360 404 1.123 < 0.01 21.682 ± 1.632 0.0532 ± 0.0020 291 ± 21 U-Pb 
   CH02-31.1 e,osc,pr,fr 380 364 0.959 < 0.01 20.298 ± 0.884 0.0544 ± 0.0021 310 ± 13 U-Pb 
   CH02-32.1 e,osc,pr,fr 249 210 0.847 < 0.01 19.255 ± 0.726 0.0539 ± 0.0028 326 ± 12 U-Pb 
   CH02-33.1 e,osc,pr,fr 690 325 0.472 < 0.01 15.350 ± 0.574 0.0541 ± 0.0015 407 ± 15 U-Pb 
   CH02-35.1 e,osc,pr,fr 897 586 0.654 < 0.01 25.427 ± 1.930 0.0526 ± 0.0023 249 ± 19 U-Pb 
   CH02-35.2 e,osc,pr,fr 864 383 0.443 < 0.01 24.789 ± 0.676 0.0497 ± 0.0016 255 ± 7 U-Pb 
   CH02-36.1 e,osc,pr,fr 147 58 0.396 < 0.01 17.812 ± 0.531 0.0537 ± 0.0020 352 ± 10 U-Pb 






























   CH02-39.1 m,osc,pr,fr 190 126 0.662 < 0.01 18.278 ± 0.501 0.0539 ± 0.0031 343 ± 9 U-Pb 
   CH02-41.1 e,osc,pr,fr 420 333 0.794 < 0.01 19.658 ± 0.706 0.0520 ± 0.0024 320 ± 11 U-Pb 
   CH02-43.1 m,osc,pr,fr 458 262 0.573 < 0.01 18.998 ± 0.734 0.0514 ± 0.0019 331 ± 12 U-Pb 
   CH02-44.1 e,osc,pr,fr 233 120 0.516 < 0.01 18.737 ± 0.454 0.0529 ± 0.0014 335 ± 8 U-Pb 
   CH02-46.1 e,osc,pr,fr 225 166 0.739 < 0.01 19.578 ± 0.521 0.0522 ± 0.0026 321 ± 8 U-Pb 
   CH02-48.1 e,osc,pr,fr 442 245 0.554 < 0.01 19.285 ± 0.498 0.0542 ± 0.0017 326 ± 8 U-Pb 
   CH02-50.1 m,osc,pr,fr 199 121 0.607 0.01 15.171 ± 0.343 0.0581 ± 0.0044 412 ± 9 U-Pb 
   CH02-52.1 m,osc,pr,fr 473 367 0.776 < 0.01 19.034 ± 0.427 0.0540 ± 0.0010 330 ± 7 U-Pb 
   CH02-53.1 e,osc,pr,fr 355 190 0.535 < 0.01 24.399 ± 0.813 0.0524 ± 0.0015 259 ± 8 U-Pb 
   CH02-53.2 e,osc,pr,fr 205 110 0.536 < 0.01 26.240 ± 1.185 0.0511 ± 0.0035 241 ± 11 U-Pb 
   CH02-54.1 e,osc,pr,fr 371 318 0.858 < 0.01 18.109 ± 0.491 0.0547 ± 0.0013 347 ± 9 U-Pb 
   CH02-55.1 m,osc,pr,fr 151 88 0.580 < 0.01 16.771 ± 0.455 0.0530 ± 0.0020 373 ± 10 U-Pb 
   CH02-56.1 m,osc,pr,fr 35 23 0.653 < 0.01 17.068 ± 0.501 0.0531 ± 0.0060 367 ± 10 U-Pb 
   CH02-57.1 m,osc,pr,fr 156 76 0.483 < 0.01 16.381 ± 2.671 0.0530 ± 0.0037 382 ± 61 U-Pb 






























PP01 - Queens Head Beach, Point Plomer 
    PP01-1.1 m,osc,pr, fr 279 227.0 0.814 < 0.01 19.791 ± 0.450 0.0501 ± 0.0023 318 ± 7 U-Pb 
    PP01-1.2 m,osc,pr, fr 231 154.3 0.668 < 0.01 20.649 ± 0.708 0.0526 ± 0.0014 305 ± 10* U-Pb 
    PP01-2.1 e,osc,pr,fr 106 63.7 0.600 < 0.01 21.112 ± 1.219 0.0540 ± 0.0048 298 ± 17* U-Pb 
    PP01-2.2 e,osc,pr,fr 97 65.5 0.672 0.01 20.036 ± 0.913 0.0487 ± 0.0094 314 ± 14 U-Pb 
    PP01-3.1 m,osc,r, fr 537 318.1 0.592 < 0.01 23.199 ± 0.571 0.0509 ± 0.0013 272 ± 7 U-Pb 
    PP01-3.2 m,osc,r, fr 260 171.1 0.658 < 0.01 25.215 ± 1.015 0.0448 ± 0.0046 251 ± 10* U-Pb 
    PP01-4.1 e,osc,pr,r 199 96.5 0.484 < 0.01 19.041 ± 0.512 0.0542 ± 0.0013 330 ± 9 U-Pb 
    PP01-4.2 e,osc,pr,r 200 96.5 0.481 < 0.01 19.614 ± 0.510 0.0540 ± 0.0018 321 ± 8* U-Pb 
    PP01-5.1 e,osc,ov,r 483 260.8 0.540 < 0.01 24.221 ± 0.548 0.0516 ± 0.0013 261 ± 6 U-Pb 
    PP01-5.2 e,osc,ov 231 90.2 0.391 < 0.01 29.069 ± 0.612 0.0529 ± 0.0029 218 ± 5 U-Pb 
    PP01-6.1 m,osc,ov,fr 153 136.2 0.891 < 0.01 19.515 ± 0.654 0.0433 ± 0.0038 322 ± 11 U-Pb 
    PP01-6.2 e,osc,ov,fr 583 856.0 1.467 < 0.01 18.315 ± 0.455 0.0514 ± 0.0013 343 ± 8 U-Pb 




































Sample Photograph Description 
CH01 
 
Collected at: 152°59’2.19” E,  31°11’10.10” S (Killick Beach) 
Field Classification – Sandstone, QFR – Feldspathic Litharenite 
 
Sample CH01 is a fine-grained sandstone, dominated by quartz and Lithic fragments. 
Volcanic fragments, plagioclase feldspar and radiolarian chert are also present, but are 
minor components. This sample is poorly sorted with grain angularity between very-
angular and rounded and grain sphericity between high and low. Quartz fragments show 
uniform and undulose extinction. Plagioclase fragments are rounded but maintain 
multiple-twinning properties. Volcanic (lithic) fragments that are present in sample CH01 
show variable signs of chemical alteration. Chlorite-like matrix is present (in QFL counts 





Collected at: 152°59’2.19” E,  31°11’12.87” S (Killick Beach) 
Field Classification – Sandstone, QFR – Feldspathic Litharenite 
 
Sample CH01-a is a coarse-grained sandstone with quartz and lithic fragments as 
dominant components. Feldspars of both multiple (plagioclase) and simple-twinned 
characteristics are also present, but only as minor components. The sample appears to 
be poorly sorted with large quartz grains, mixed with plagioclase and lithic fragments. 
There appears to be areas of the sample that have poor to moderate sorting. Plagioclase 
present has been physically altered, appearing as fragments rather than tabular crystals. 
Quartz and plagioclase fragments are very-angular with low-sphericity. Large quartz 
grains and lithic grains show being round with high-sphericity. The sample shows 





Collected at: 152°59’0.23” E,  31°11’9.83” S (Killick Beach) 
Field Classification – Sandstone, QFR – Sub Lithic-Arkose 
 
Sample CH02 is a fine to moderate-grained sandstone with quartz and lithic fragments 
are major mineralogical components. Plagioclase and radiolarian chert are minor 
mineralogical components. This sample is very-poorly sorted with grains of both high and 
low sphericity displaying signs of being angular to sub-rounded. Plagioclase fragments 
that are present have undergone both physical and chemical alteration only being able 
to be classified according to multiple-twinning properties. Lithic fragments appear to be 
breaking down from chemical alteration are of unknown mineralogical composition. 
Radiolarian tracks are present in the sample, and a chlorite-like matrix is present. Iron 




Collected at: 152°59’2.19” E,  31°11’10.1” S (Killick Beach) 
Field Classification – Sandstone, QFR – Sub Lithic-Arkose 
 
Sample AB01 is a fine-grained to very-fine grained sandstone which appears to be quartz 
dominated. Minor components of plagioclase, lithic fragments and radiolarian chert are 
present. The sample appears to be moderately sorted and displays angular to sub-
rounded properties of both high and low sphericity. Quartz displays by uniform and 
undulose extinction angles. Plagioclase fragments that are present maintain multiple-
twinning properties. Secondary pyrite mineralisation is also present. The matrix, where it 
can be seen is currently unknown, but is assumed to be chlorite or illite. Quartz 
domination of this sample suggests maturity of sediment. It should be noted that light 
and dark mineralisation is present across the slide. 
AB02 
 
Collected at: 152°59’2.19” E,  31°11’12.87” S (Pebbly Beach – northern end) 
Field Classification – Sandstone, QFR – Feldspathic Litharenite 
 
Sample AB02 is a fine to very-fine-grained sandstone which contains major mineralogical 
components of quartz and lithic fragments with a minor component of radiolarian chert 
and plagioclase feldspars. Plagioclase crystals maintain tabular crystal habit, but show 
signs of major chemical alteration. This sample displays poor to moderate sorting, and 
grains appear to be very-angular to sub-rounded of both high and low-sphericity.  Quartz 
shows undulose-extinction angles. Lithic fragments appear to be currently breaking 
down chemically. Iron (hematite) staining is present as a secondary 






Sample Photograph Description 
AB03 
 
Collected at: 152°59’0.36” E,  31°11’12.00” S (Pebbly Beach – northern end) 
Field Classification – Conglomerate, QFR – Feldspathic Litharenite 
 
Sample AB03 is a granule conglomerate with a mineralogical make up consisting of lithic 
fragments, radiolarian chert, opaques (pyrite), quartz, feldspars (plagioclase and simple-
twinned varieties). The matrix of sample AB03 is fine to moderate-grained quartz, 
plagioclase and lithic fragments. The grains of this sample are very-poor to poor in 
sorting and are also angular to sub-rounded with high sphericity. Lithic fragments range 
in extents of chemical and physical alteration. (Little to near complete breakdown). The 
most predominant granules are lithic fragments (of varying composition) and radiolarian 
chert. Iron (hematite) staining is present across sample AB03. 
AB04 
 
Collected at: 152°59’0.45” E,  31°11’12.14” S (Pebbly Beach – northern end) 
Field Classification – Sandstone, QFR – Sub Lithic-Arkose / Feldspathic Litharenite 
 
Sample AB04, is a fine to very-fine grained sandstone (almost siltstone) dominated by 
quartz fragments. Plagioclase fragments are also present. Plagioclase fragments are 
physically and chemically altered, but multiple-twinning of fragments remains. Sample 
AB04 is moderately-sorted with grains ranging between sub-angular to sub-rounded with 
low sphericity. Quartz crystals and fragments have uniform extinction angles. The matrix 
of AB04 is either chlorite or calcite in nature, but cannot be determined. This sample 
contains unstable minerals, (feldspars), hinting at immaturity of sediment, but because 
quartz is the most abundant component, it may have an injection of mature grains. 
AB05 
 
Collected at: 152°59’0.50” E,  31°11’11.72” S (Pebbly Beach – northern end) 
Field Classification – Mudstone-Siltstone, QFR – N/A 
 
Sample AB05 is classified as a mudstone-siltstone turbidite. Quartz is the major 
mineralogical component, there are also minor mineralogical components of both 
plagioclase and lithic fragments. This sample is poorly-sorted, angular to sub-rounded 
with fragments being of low sphericity. Radiolarian chert fragments are also present in 
sample AB05. When this sample is observed in hand, turbidite and bioturbation marks 
are evident throughout the sample.  Also, when observing this sample by hand, there 
appears to be an alternating pattern between light and dark coloured sediment, 
suggesting alternating between siltstone and mudstone. 
AB06 
 
Collected at: 152°59’1.01” E,  31°11’12.65” S (Pebbly Beach – northern end) 
Field Classification – Conglomerate w. mud clasts, QFR – N/A 
 
Sample AB06 is considered to be a granule-conglomerate containing mud clasts. The 
most abundant mineralogical component are lithic fragments of varying composition and 
quartz. Very minor mineralogical components include plagioclase and clinopyroxene. This 
sample is very poorly sorted, with sub-rounded to rounded clasts of both high and low 
sphericity. The feldspars that are present in general maintain tabular crystal habit and 
twinning properties (multiple-twinning). Lithic fragments show signs of chemical and 
physical alteration. There is an unknown matrix, but it is currently presumed to be either 
illite or calcite. 
AB07 
 
Collected at: 152°59’1.73” E,  31°11’12.75” S (Pebbly Beach – northern end) 
Field Classification – Silty Sandstone, QFR – Sub Lithic-Arkose 
 
Sample AB07 is seen to be a fine-grained sandstone, rich in quartz, lithic grains and 
plagioclase) fragments. Radiolarian chert is also present, but as a minor mineralogical 
component. Sample AB07 is seen to have poor to moderate sorting of very-angular to 
sub-angular grains of low to moderate sphericity. Quartz grains in this sample show 
uniform and undulose extinction angles. Plagioclase grains appear to be physically rather 
than chemically altered, and retain multiple-twinning properties. Lithic fragments show 
signs of both physical and chemical alteration. Radiolarians are also present in sample 








Sample Photograph Description 
AB09 
 
Collected at: 152°58’56.21” E,  31°11’19.36” S (Pebbly Beach – southern end) 
Field Classification – Sandstone, QFR – Feldspathic Litharenite  
 
Sample AB09 is considered to be a fine-grained sandstone with mudclasts, rich in 
quartz and lithic grains. Feldspars, radiolarian chert and clinopyroxene are also 
present, but are only minor mineralogical components. This sample has poor to 
moderate sorting, with grains of very-angular to sub-rounded behaviour of both high 
and low sphericity. Quartz fragments have uniform extinction, rather than undulose 
extinction. Lithic fragments, feldspars and clinopyroxene all show signs of physical and 
chemical alteration breakdown. Radiolarian tracks are present throughout this sample, 
but are predominantly found within mud clasts in the sample. Iron (hematite) staining 
is also present as a secondary chemical alteration / mineralisation product. 
AB10-a 
 
Collected at: 152°58’55.99” E,  31°11’18.91” S (Pebbly Beach – southern end) 
Field Classification – Sandstone, QFR – Feldspathic Litharenite  
 
Sample AB10-a is considered to be a fine-grained sandstone, rich in quartz, radiolarian 
chert and lithic fragments. There are minor mineralogical components of plagioclase 
and simple-twinned varieties. This sample has poorly to moderate sorting, with grains 
ranging from very angular to well rounded, of both high and low sphericity. Quartz 
fragments display both uniform and undulose extinction. Feldspars (both Plagioclase 
and simple-twinned feldspars) show signs of both physical and chemical alteration, but 
maintain individual twinning properties. Lithic fragments also show signs of chemical 
breakdown. Iron (hematite) staining and pyrite are present as secondary chemical 
alteration / mineralisation products. Quartz veins are also present as secondary 




Collected at: 152°58’56.21” E,  31°11’18.81” S (Pebbly Beach – southern end) 
Field Classification – Sandstone, QFR – Lithic Arkose 
 
Sample AB10-b is considered to be a fine to medium-grained sandstone rich in quartz 
and plagioclase. Lithic fragments and radiolarian chert are also present, but as only 
minor components. This sample has poor to moderate sorting, with grains ranging 
from very-angular to sub-rounded of both high and low sphericity. Lithic fragments 
show signs of physical and chemical aleration. Feldspars also show signs of physical 
alteration and only slight signs of chemical alteration and breakdown. Quartz 
fragments have undulose and uniform extinction, feldspars maintain individual 
twinning characteristics. Radiolarian tracks are very abundant throughout this sample 




Collected at: 152°59’3.09” E,  31°11’11.99” S (Pebbly Beach – northern end) 
Field Classification – Sandstone, QFR – Lithic Arkose 
 
Sample AB12 is considered to be very fine-grained to fine-grained sandstone / coarse-
grained siltstone, dominated by quartz and lithic fragments. Minor mineralogical 
components of plagioclase and orthoclase. This sample has moderate to well-sorted 
properties, grains range between very angular (tabular feldspars) to rounded (quartz 
grains) of both high and low sphericity. Radiolarian chert fragments are also found as 
minor mineralogical component. Feldspars in this sample show signs of physical and 
chemical alteration and break down, but maintain individual twinning properties. Lithic 
fragments show a wide range of physical and chemical alteration states. Radiolarians 
are abundant in silty portions of this sample as a non-mineralogical component. Also 












Collected at: 152° 59’3.09” E,  31°11’11.45” S (Pebbly Beach – northern end) 
Field Classification – Sandstone, QFR – Sub Lithic-Arkose 
 
Sample AB13 is considered to be fine to medium-grained sandstone dominated by 
quartz lithic fragments, with minor plagioclase and radiolarian chert mineralogical 
components. This sample is poorly sorted, with grains ranging between very angular to 
sub-rounded with grains of both high and low sphericity. Lithic fragments show signs of 
physical and chemical alteration. Plagioclase fragments show signs of physical 
alteration only. Radiolarian tracks are uncommon, but present as a non-mineralogical 
component of sample AB13. Iron (hematite) staining is present in this sample as a 
secondary chemical alteration. 
 
Sample Photograph Description 
AB14 
 
Collected at: 152°59’3.25” E,  31°11’10.78” S (Pebbly Beach – northern end) 
Field Classification – Sandstone, QFR – Lithic Arkose – Sub Lithic-Arkose 
 
AB14 is a fine-grained sandstone, rich in quartz and lithic fragments. This sample has 
poor to moderate sorting, with grains ranging from very angular to round with high and 
low sphericity. Rare, significantly altered plagioclase are found in this sample and only 
recognised through twinning properties. Lithic fragments show stages of physical and 
chemical alteration. Possible chlorite or illite clay is present in this sample. Also present 
but as minor mineralogical and non-mineralogical components of this sample are 





Collected at: 152°58’36.5” E,  31°11’45.66” S (Goolawah Beach – northern end) 
Field Classification – Sandstone, QFR – Lithic Arkose  
 
Sample AB15 is considered to be a quartz, radiolarian chert, lithic fragments and 
plagioclase-rich sandstone. This sample is poorly-sorted with most grains very angular to 
sub-angular, and also both high and low sphericity. Plagioclase crystals have undergone 
physical alteration and no longer have tabular crystal habits, but maintain multiple-
twinning properties. Some lithic fragments show signs of undergoing physical and 
chemical breakdown/alteration. Radiolarian chert fragments show signs of rounding, 
indicating possible transport of sediment. There is an unknown matrix, but is assumed 
to be either chlorite or illite Clay and iron (hematite) staining is present as a secondary 
chemical alteration / mineralisation process. A non-mineralogical component present 
are radiolarian tracks in siltier portions of this sample. 
AB16 
 
Collected at: 152°58’37.35” E,  31°11’46.02” S (Goolawah Beach – northern end) 
Field Classification – Sandstone, QFR – Feldspathic Litharenite  
 
Sample AB16 is classified as a sandstone rich in radiolarian chert, quartz and lithic 
fragments. Minor mineralogical components of this sample include orthoclase and 
plagioclase. Lithic fragments and feldspars appear to be undergoing physical and 
chemical alteration. Many feldspars in this sample are hard to recognise due to the 
amount of physical and chemical break down, and only recognised by twinning 
properties. Quartz and radiolarian chert fragments have a rounded appearance 
suggesting transport of sediment. Iron (hematite) staining is present as a secondary 
chemical alteration / mineralisation product. Overall, this sample has poor sorting of 







Collected at: 152° 58’38.34” E,  31°11’46.60” S (Goolawah Beach – northern end) 
Field Classification – Sandstone, QFR – Lithic Arkose  
 
Sample AB17 is considered to be a very-fine grained sandstone, consisting of 
predominantly quartz. Other, minor mineralogical components include: lithic grains, 
feldspars (tabular crystals and fragments) and radiolarian chert. This sample appears to 
be well-sorted, with grains ranging from very-angular to sub-angular with both high and 
low sphericity. The matrix is currently unknown, but due to plagioclase content it could 
be inferred that this matrix may be illite clay. Lithic fragments appear to be physical and 
chemically breaking down into clays and more stable mineral constituents. Rare, tabular 
feldspars are also in a state of physical and chemical breakdown. Iron (hematite) 
staining is present as a secondary chemical alteration / mineralisation process. 
AB18 
 
Collected at: 152°58’25.45” E,  31°11’57.30” S (Goolawah Beach – northern end) 
Field Classification – Silty Sandstone, QFR – Lithic Arkose 
 
Sample AB18 is considered a sandstone, consisting of predominantly quartz, radiolarian 
chert and lithic fragments. Orthoclase and plagioclase are also present, but only as 
minor mineralogical components. This sample appears to be very-poorly sorted, with 
grains ranging from very-angular (radiolarian chert and feldspars) to rounded (quartz), 
with both high and low sphericity. Feldspars and lithic fragments show signs of both 
physical and chemical alteration. The matrix of this sample is assumed to be illite. 
Secondary alteration / mineralisation of iron (hematite) staining is present, as are 
Radiolarian tracks. 
 
Sample Photograph Description 
AB19 
 
Collected at: 152°59’0.75” E,  31°11”12.49” S (Pebbly Beach – northern end) 
Field Classification – Conglomerate, QFR – Feldspathic Litharenite 
 
Sample AB19 is a granule-conglomerate, consisting of predominantly lithic grains and 
quartz. Radiolarian chert fragments, plagioclase fragments are also present in this 
sample, but are only minor mineralogical components. This sample has poor to 
moderate sorting of angular to round grains (radiolarian chert to quartz) of both high 
and low sphericity. Lithic fragments show signs of physical and chemical alteration, and 
the appearance of ‘veins’ of feldspars are seen in this sample. The clast-supporting 
matrix of this sample is assumed to be illite. Also present are iron (hematite) staining as 
a secondary chemical alteration / mineralisation feature. Radiolarian tracks are also 
found in this sample (restricted to muddy matrix areas). Also making up clasts found 
within sample AB19 are siltstone and possible mudstone. 
PP01 
 
Collected at: 152°58’18.22” E,  31°19’16.57” S (Queens Head Beach) 
Field Classification – Sandstone, QFR – Lithic Arkose  
 
Sample PP01 has been classified as a feldspar (plagioclase and orthoclase) and lithic 
fragment rich, fine-grained shale/sandstone. Clinopyroxene and quartz are also present, 
but are minor mineralogical components of this sample. The grain fabric of this sample 
is poorly sorted with most grains being very angular to sub-angular with low sphericity. 
Across the sample, orthoclase appear to be more predominant over plagioclase.  
Feldspars maintain tabular crystal habit and don’t show sign of chemical or physical 
alteration. Lithic fragments appear to demonstrate the beginning signs of chemical 
alteration. It should be noted that there is an unknown matrix, but is assumed to be 
illite and radiolarian tracks are also present as a feature. 
PP02 
 
Collected at: 152°58’17.61” E,  31°19’14.20” S (Queens Head Beach) 
Field Classification – Sandstone, QFR – Lithic Arkose 
 
Sample PP02 is considered to be a fine to medium grained, orthoclase, plagioclase and 
lithic fragment rich sandstone. Quartz and radiolarian chert are also present in this 
sample, but are only minor mineralogical components. Sample PP02 has poor grain 
sorting, grains demonstrate very-angular to sub-angular behaviour with low sphericity. 
Quartz content in sample demonstrates slightly higher levels of roundness and 
sphericity, possibly hinting at a maturing component within the sample. There are also 
unidentified opaque minerals within the sample (possibly hematite or pyrite) due to 









Collected at: 152°58’22.19” E,  31°19’3.73” S (Back Beach – southern end) 
Field Classifications – Sandstone, QFR – Lithic Arkose 
 
Sample PP03 is considered to be a fine to medium-grained lithic, plagioclase and 
orthoclase-rich sandstone. Also present are clinopyroxene and quartz are also present. 
Clinopyroxene is more abundant than quartz, but both are minor mineralogical 
components relative to lithic and feldspar components. Grains in sample PP03 are very-
poorly sorted, and have very-angular to angular grains with low sphericity. Lithic 
fragments display signs of chemical alteration, and the preservation state of 
clinopyroxene is poor. Feldspars (Plagioclase, simple-twinned varieties and rare 
Sanidine) maintain tabular crystal habit. The large amount of unstable mineralogical 
elements hints at the immaturity of the sediment at this location. 
PP04 
 
Collected at: 152°58’25.07” E,  31°19’3.14” S (Back Beach – rock  outcrop) 
Field Classification – Sandstone, QFR – Lithic Arkose 
 
Sample PP04 is considered to be a fine-grained, feldspar (plagioclase and orthoclase) 
and Lithic fragment-rich sandstone. Quartz fragments are also present but act as only a 
minor mineralogical component. Clinopyroxene is also present in sample PP04, but are 
rare in this sample. Grain fabric in this sample is very-poorly sorted, highly-angular to 
angular of both high and low sphericity. Feldspar varieties maintain tabular crystal habit, 
and only appear to be affected by physical alteration. Lithic fragments show signs of 
chemical and physical alteration, and iron (hematite) staining is present as a secondary 
chemical alteration / mineralisation process. 
Sample Photograph Description 
PP05 
 
Collected at: 152°58’26.90” E,  31°18’52.48”  S (Back Beach – northern end) 
Field Classification – Siltstone-Mudstone, QFR – Lithic Arkose  
 
Sample PP05 is considered to be feldspar (plagioclase and orthoclase varieties) and 
lithic fragment rich sandy-mudstone. This sample is very-fine grained, but still within 
acceptable limits to perform QFL tectonic discrimination and QFR lithological 
discrimination processes. Quartz is also present in this sample, but is only a very minor 
mineralogical component. Grains within this sample are poorly sorted, range between 
angular to sub-angular with both high and low sphericity. This sample has undergone 
significant physical and chemical alteration as many mineral fragments are almost 
beyond recognition. Iron (hematite) staining is also present as a secondary chemical 
alteration / mineralisation process. 
PP06-a 
 
Collected at: 152°58’21.47” E,  31°18’41.15” S (Point Plomer) 
Field Classification – Sandstone w.Mudstone, QFR – Lithic Arkose 
 
Sample PP06-a is considered to be a plagioclase and lithic fragment-rich fine-grained 
sandstone. Quartz is also present in sample PPO6-a, but is only a minor mineralogical 
component. Plagioclase is more abundant than simple-twinned varieties. Many feldspar 
grains maintain their characteristic tabular habit, while others appear to have been 
rounded through sediment transportation. Lithic fragments show beginning signs of 
physical and chemical alteration. Sample PP06-a is poorly sorted with grains displaying 
angular to sub-rounded properties at both levels of high and low sphericity. This sample 
is the sandstone component of a turbidite, the mudstone component is very-fine 
grained, but coarsens in parts and contains unknown, but what is assumed broken 









Collected at: 152°58’20.15” E,  31°18’40.85” S (Point Plomer) 
Field Classification – Mudstone, QFR – N/A 
 
Sample PP06-b is classified as a mudstone containing mostly fragments of a variety of 
feldspars (most likely plagioclase) and lithic fragments. This sample represents the mud-
exclusive portion of the turbidites located at Point Plomer, and is directly related to 
samples PP06-a and PP06-c. Feldspars found within the mud matrix are identified by 
their extinction angles. Quartz fragments are also present, but are a very minor 
mineralogical component. Lithic fragments and clinopyroxene are also assumed to be 
some of the broken fragments within the mud matrix. The grains are poorly sorted, 
very-angular to sub-angular with low sphericity. This sample demonstrates bioturbation 
structure from possible radiolarians within the mudstone. 
PP06-c 
 
Collected at: 152°58’19.10” E,  31°18’41.42” S (Point Plomer) 
Field Classification – Sandstone, QFR – Lithic Arkose 
 
Sample PP06-c is a plagioclase, orthoclase and lithic fragment rich, fine to medium-
grained sandstone. Quartz and clinopyroxene are also present, but are only a minor 
mineralogical components. Quartz grains display undulose extinction angles. This 
sample has poor to moderate sorting of grains, that also have angular to sub-rounded 
physicality of both high and low sphericity. Lithic fragments and feldspar crystals display 
signs of physical and chemical break down, although most feldspar crystals maintain 
tabular habit. The unstable minerals (feldspars and pyroxenes) point to the sediment 




Collected at: 152°58’11.01”E,  31°16’42.26” S (Limeburners Creek – Big Hill Beach) 
Field Classification – Sandstone, QFR – Lithic Arkose 
 
Sample PP07 is a feldspar (particularly plagioclase)-rich sandstone. Grain size does 
change across the petrographic slide, showing a change from sandstone into a possible 
siltstone sample. Both simple-twinned feldspars and multiple-twinned feldspars 
(plagioclase) are the most dominant feature and show clear tabular crystal habit. Lithic 
fragments are another mineralogical component of this sample. Quartz is also present, 
but is considered to be a very minor component of sample PP07. The sample is very-
poorly sorted with the grains very-angular with low sphericity, with the exception of 
quartz which is sub-angular to rounded with high sphericity. Lithic fragments show the 
beginning signs of chemical alteration. This sample, similar to PP08-a show a turbidite 
facies change. Quartz crystals show uniform extinction. 
Sample Photograph Description 
PP08-a 
 
Collected at: 152°57’49.92” E,  31°15’2.93” S (Racecourse Head) 
Field Classification – Silt/Mudstone, QFR = Lithic Arkose  
 
Sample PP08-a is considered to be a siltstone rich in lithic fragments and plagioclase. 
Orthoclase, quartz and clinopyroxene are also found within this sample, but are only a 
minor component. There is also a portion of this sample that is mudstone (and not used 
for QFL discriminant point counting). Sample appears to be moderately sorted in 
siltstone component of the sample with the grains observed to be very-angular to sub-
angular with low-sphericity. Plagioclase in this sample has been physically and chemically 
broken down and only recognised in this sample due to multiple-twinning. The matrix in 

















Collected at: 152°57’49.55” E,  31°15’2.78” S (Racecourse Head) 
Field Classification – Sandstone, QFR – Lithic Arkose  
 
Sample PP08-b is considered to be a fine-grained sandstone rich in both lithic fragments, 
plagioclase and orthoclase. Quartz and clinopyroxene are also present in the sample, but 
act only as minor components of the mineralogical make up. An unknown opaque 
mineral (pyrite?) is also present. This sample displays poor sorting, with grains ranging 
from very-angular to sub-angular with low and high sphericity. Feldspars, despite 
showing signs of physical and chemical alteration maintain twinning properties and 
tabular crystal habit. Quartz that is present displays signs of both uniform and undulose 
extinction angles. Lithic fragments are mostly volcanically-derived, but show signs of 
near-complete alteration. Clinopyroxene present hints at an immature sediment sample. 
 
*AB08 N/A Collected at: 152°58’55.89” E,  31°11’17.85” S (Pebbly Beach – southern end) 
Field Classification – Sandstone 
(FIELD OBSERVATION ONLY) 
 
Dark-coloured (possibly lithic-derived) fine-grained sandstone. Overall sequence 
sandstone is found within contains poorly-preserved sedimentary structures suggesting 
turbidity within vicinity during deposition. No Bouma turbidite structures present. 
*AB11 N/A Collected at: 152°58’55.70” E,  31°11’18.29” S (Pebbly Beach – southern end) 
Field Classification – Sandstone 
(FIELD OBSERVATION ONLY) 
 
Dark coloured (possibly a more lithic-mafic derived) fine-grained sandstone. Overall 
sequence was a massive sandstone bed. Beds show a lack of turbidity based structures. 





























QFL Analysis (500 counts for sand and large samples, 400 counts for siltsones, small/damaged samples and conglomerates.) 
  Quartz Feldspars Plagioclase Orthoclase Volc. Frag Chert Lithic Frag Siltstone Clinopyroxene Opaques (Tot) Magnetite Pyrite Matrix Illite Chlorite Radiolarians Mudclasts Other Total 
CH01 272 84 58 26 110 30 140 0 0 0 0 0 2 1 1 1 1 0 500 
CH01-a 174 67 33 34 137 17 154 0 5 0 0 0 0 0 0 0 0 0 400 
CH02 275 88 64 24 111 10 121 0 0 0 0 0 0 0 4 4 5 0 500 
AB01 298 69 41 28 90 27 117 0 0 2 1 1 11 9 2 2 1 0 500 
AB02 224 128 69 59 115 19 134 0 0 0 0 0 11 9 2 2 1 0 500 
AB03 119 91 55 36 135 46 181 0 0 0 0 0 5 4 1 3 1 0 400 
AB04 286 78 57 21 95 30 125 0 0 0 0 0 7 5 2 2 2 0 500 
AB05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
AB06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
AB07 244 64 49 15 44 36 80 0 1 0 0 0 2 0 2 2 7 0 400 
AB09 182 89 60 29 99 16 114 0 1 0 0 0 4 3 1 2 7 0 400 
AB10-a 224 115 88 27 131 15 146 0 1 0 0 0 12 11 1 1 1 0 500 
AB10-b 267 119 79 40 92 6 98 0 0 0 0 0 7 7 0 8 1 0 500 
AB12 296 115 64 51 65 9 74 0 0 3 1 2 5 3 2 2 5 0 500 
AB13 242 133 74 59 93 18 114 0 0 0 0 0 5 4 1 1 5 0 500 
AB14 221 101 48 53 54 11 65 0 0 0 0 0 4 1 3 2 7 0 400 
AB15 182 161 83 79 126 20 146 0 0 0 0 0 6 3 3 5 0 0 500 
AB16 120 156 74 82 192 22 214 0 0 1 0 1 9 1 8 0 0 0 500 
AB17 289 139 92 47 48 17 65 0 0 0 0 0 7 4 3 0 0 0 500 
AB18 119 140 83 57 108 21 129 0 0 1 1 0 9 1 8 0 0 0 400 
AB19 77 159 94 65 239 21 260 0 0 1 0 1 0 0 0 1 2 0 500 
PP01 26 341 193 148 122 10 132 0 0 0 0 0 1 0 1 0 0 0 500 
PP02 36 311 195 116 125 10 145 0 0 0 0 0 1 1 0 0 0 0 500 
PP03 21 325 193 132 122 13 135 0 10 1 0 1 0 0 9 0 0 0 500 
PP04 29 367 220 147 82 9 91 0 3 0 0 0 9 9 0 1 0 0 500 
PP05 29 293 132 164 53 3 56 0 0 0 0 0 5 5 0 14 0 0 400 
PP06-a 26 273 150 123 92 0 92 0 0 2 0 2 6 6 0 1 0 0 400 
PP06-b 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
PP06-c 64 331 114 215 80 4 84 0 3 9 4 5 8 0 0 1 0 0 500 
PP07 52 219 122 97 78 5 83 0 5 10 9 1 31 15 16 0 0 0 400 
PP08-a 111 240 88 152 121 14 135 0 0 7 0 0 7 0 0 0 0 0 500 




  Q F L Total 
 
  Q F R Total 
PP01 4.64 68.75 26.61 496 
 
PP01 5.21 68.34 26.45 499 
PP02 7.32 63.21 29.45 492 
 
PP02 7.32 63.21 29.47 492 
PP03 4.37 67.57 28.07 481 
 
PP03 4.28 66.19 29.53 491 
PP04 5.95 75.36 18.69 487 
 
PP04 5.92 74.9 19.18 490 
PP05 7.61 77.69 14.7 381 
 
PP05 7.61 77.69 14.7 381 
PP06-a 6.65 69.8 23.53 391 
 
PP06-a 6.65 69.82 23.53 391 
PP06-b 0 0 0 0 
 
PP06-b 0 0 0 0 
PP06-c 13.36 69.1 17.54 479 
 
PP06-c 13.28 68.67 18.05 482 
PP07 14.7 61.86 22.44 354 
 
PP07 14.48 61 24.51 359 
PP08-a 22.86 49.79 27.35 468 
 
PP08-a 22.84 49.38 27.78 486 
PP08-b 12.32 48.69 38.99 495 
 
PP08-b 12.82 46.43 40.76 496 
AB01 61.57 14.26 24.17 484 
 
AB01 61.44 14.23 24.33 485 
AB02 46.09 26.34 27.57 486 
 
AB02 46 26.28 27.72 487 
AB03 30.43 23.27 46.29 391 
 
AB03 30.36 23.21 46.43 392 
AB04 58.97 16.08 22.77 485 
 
AB04 58.25 15.89 25.87 491 
AB07 62.89 16.49 20.62 388 
 
AB07 61.62 16.16 22.22 396 
AB09 47.15 23.06 29.79 386 
 
AB09 46.19 22.59 31.22 394 
AB10-a 46.19 23.71 30.1 485 
 
AB10-a 46 23.61 30.39 487 
AB10-b 55.17 24.59 20.25 484 
 
AB10-b 55.05 24.54 20.41 485 
AB12 61.03 23.71 15.26 485 
 
AB12 60.91 23.66 16.26 486 
AB13 49.49 27.2 23.31 489 
 
AB13 48.99 26.92 24.09 494 
AB14 57.11 26.1 16.8 387 
 
AB14 56.09 25.63 18.27 394 
AB15 37.22 32.92 29.86 489 
 
AB15 37.22 32.92 29.86 489 
AB16 24.49 31.84 43.67 490 
 
AB16 24.49 31.84 43.67 490 
AB17 58.62 28.19 13.18 493 
 
AB17 58.62 28.19 13.18 493 
AB18 30.67 36.08 33.25 388 
 
AB18 30.67 36.08 33.25 388 
AB19 15.4 33 52 500 
 
AB19 15.46 31.93 52.61 498 
CH01 54.84 16.94 28.23 496 
 
CH01 54.62 16.87 28.51 499 
CH01-a 44.05 16.96 38.99 395 
 
CH01-a 43.5 16.75 39.75 400 
CH02 56.82 18.18 25 484 
 












































































































CONCEPTUAL MODEL OF FORMATION 
 
 
 
 
 
 
 
 
 
 
 
 
186 
 
187 
 
 
 
